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Luminescence is the collective name for the process in which energy is con-
verted into light in a non-thermal way. The energy sources used as input
can be very diverse going from chemical reactions and electron beams over
pressure to incoming photons. The latter is referred to as photolumines-
cence, which proved its usefulness in many different application fields such
as fluorescent lamps, white LEDs and displays.
In this dissertation, the luminescent properties of scheelites doped with
lanthanide ions are investigated. The name scheelite refers to the mineral
calcium tungstate with chemical formula CaWO4. It is named after Carl
Wilhelm Scheele (1742 - 1786) who was the first to describe the structure of
the mineral he found in the ore-rich Mount Bispbergs klack, Sweden in 1781.
At that time, they gave it the name tungstate, Swedish for ”heavy stone”, due
to its unusually high weight [1].
The scheelite-type ABO4 structure is built up by [. . . -AO8 - BO4 - . . . ] columns
along the c-axis, as shown in Figure 0.1. AO8 polyhedra and BO4 tetra-
hedra share common vertices and form a 3D framework. A partial sub-
stitution of the A and/or B cations is possible resulting in a composition
(A’,A”)n[(B’,B’)O4]m (A’, A” = alkali, alkaline-earth or rare-earth elements; B’,
B” = Mo, W). These compounds have interesting optical properties, good
stability and simple preparation [2–4]. A m:n ratio different from one in-
duces vacancies in the A subset, sometimes resulting in a structure where
the cations and vacancies are ordered. For some of them the order is incom-
mensurate, aperiodic in three dimensions but periodic in more dimensions.
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For luminescence applications, a fraction of the A cations can be substituted
by rare earth ions which are luminescent in the scheelite hosts. As the lu-
minescent centres are located on the A position, the cation-vacancy order
directly influences the position of the luminescent centres and thus the lumi-
nescent properties of the material. If the modulation can be controlled - by
systematic cation subsitution - a possible relation between the order and the
luminescent properties can be investigated.
Figure 0.1: Polyhedral view (left) and ab projection of the scheelite-type
structure (right). Grey spheres are calcium cations and yellow spheres are
tungsten. For clarity, the CaO8 polyhedra are not shown in the right side
image.
For most of the investigated materials, the dopant used is the Eu3+ ion. This
lanthanide shows bright red luminescence, making it very popular for ap-
plications. Some of the transitions contributing to the luminescence are
very sensitive to the symmetry of the environment of the Eu3+ ion and small
changes in the surroundings of the ion can result in a shift of the emission
peaks or a different multiplet splitting. In this way, the spectrum of Eu3+ is
an ideal probe for the symmetry and the luminescence characteristics of the
Eu3+ ion can be used to investigate the effect of the local (quasi-)symmetry
in the scheelites.
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Structure of the dissertation
The first two chapters of this dissertation give some background information
about luminescence and (incommensurable) modulated structures respec-
tively. In both chapters, the focus is on the aspects that are needed for a clear
understanding of the following chapters. Chapter 3 describes the experimen-
tal techniques that are most relevant for this work.
Chapter 4 to 7 describe the structure and luminescent properties of three
types of scheelites: 1) CaGd2(1-x)Eu2x(WO4)4, 2) REuMoO4 (R = Gd, Sm), 3)
KEuMoO4 and 4) Ca0.85-1.5xGdxEu0.1(WO4). These four compounds have dif-
ferent scheelite-type structures and some are incommensurately modulated.
The detailed description of the structural and luminescence characteristics
allows to investigate the relation between both.
Chapter 8 describes the temperature dependence of the luminescence of
the phosphor CaGd2(1-x)Eu2x(WO4)4. We study how this temperature de-
pendency depends on the Eu3+ concentration and explain the observed
behaviour based on the thermally assisted energy transfer between different
energy levels. Finally, the use of this material as thermographic phosphor is
discussed.
In chapter 9, the use of rate equations in describing the dynamics of excited
state levels is discussed. Based on the experimental data a theoretical model
is developed and translated into rate equations. The fit of the solution of
these equations to the experimental data provides information on the sig-
nificance of the postulated theoretical model. For this study, the scheelite
PbWO4 doped with Tb
3+ is used, but the main principle can easily be ex-
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Chapter 1
Luminescence
In general, an inorganic luminescent material is a solid host material in
which a small number of impurity ions are embedded. The host materials
are typically insulators with band gaps larger than 3eV. The impurity ions
or dopants, however, are commonly rare-earth ions or transition metal ions
substituting for host cations. These dopants, characterized by their unfilled
shells, are the optically active centres. Incoming photons excite these centres
after which they return to the ground state accompanied with the emission of
light with typically lower energies than the initial photons. This energy shift
is now generally known as the Stokes shift, named after Sir George Stokes
who was the first to observe this [1]. Although the luminescence is generated
by the dopants, the host material controls to a large extent the nature of the
luminescent spectra, as described by the crystal field theory.
Rare-earth (RE) ions are the lanthanide ions together with Yttrium and Scan-
dium. Apart from Pm, for which the existence was determined only in 1947,
all lanthanide ions were discovered between the end of the 18th century
and the beginning of the 20th century. The absorption and emission spectra
of the free transition metals and RE ions are line spectra characterised by
respectively d → d and f → f transitions. In the following, only the RE ions
will be considered.
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The most common oxidation state for the RE ions is 3+, however some are
stable in the divalent and tetravalent valence states as well. Here only the
trivalent RE ions are considered, with the main focus on the Eu3+ ion.
1.1 Energy level structure of Eu3+
The Eu3+ ion is known for its narrow transitions and resulting red lumines-
cence (Fig. 1.1). The first observation of these transitions in absorption
spectra dates from 1900 by Demarcay, four years after his discovery of the ion
itself [2]. The reason for these atomic-like spectra are the filled 5s2 and 5p6
shells shielding the 4f valence electrons from the influence of the surrounding
ligands. Suppose the ground and excited states to be represented by poten-
tial energy curves, this weak electron-phonon coupling is now illustrated by
the two curves being located at almost identical ligand-to-metal distances,
unlike for example 4fn-4fn-15d transitions of Eu2+ where large changes in
optimal bond distances between ground and excited state result in broad
emission bands.
Despite this shielding, a non-negligible effect of the environment on the
shape and intensity of the spectra is observed in the Stark splitting of the J-
multiplet levels and the induced selection rules that make transitions allowed
or forbidden and thus observed or not.
Table 1.1: Overview of the number of energy levels of the trivalent lan-
thanides with a 4fn configuration: splitting of the degenerate microstates
by the Coulomb repulsion (2S+1L terms) and the spin-orbit coupling (2S+1LJ
multiplets).
Ce3+/ Pr3+/ Nd3+/ Pm3+/ Sm3+/ Eu3+ / Gd3+
Yb3+ Tm3+ Er3+ Ho3+ Dy3+ Tb3+
n / 14 - n 1 2 3 4 5 6 7
# 2S+1L terms 1 7 17 47 73 119 119
# 2S+1LJ multiplets 2 13 41 107 198 295 327







Figure 1.1: Emission spectrum of CaGdEu(WO4)4.
Crystal field theory
Eu3+ possesses 60 electrons, of which six are valence electrons in the 4f shell.
This shell has 14 different places resulting in 3003 different ways to arrange





and each of these arrangements is called a microstate. The 4f6 configurations
are the eigenstates of the central field hamiltonian. By taking into account the
electrostatic interactions between the valence electrons, these 3003 degener-
ate levels split further in 119 2S+1L terms, with an energy level splitting of the
order of 104 cm-1 for the low energy levels. The spins and angular momenta
of the electrons couple separately to respectively the total spin momentum
S =∑i si and the total orbital angular momentum L =∑i li . Each of these
terms is (2S+1)(2L+1)-fold degenerated, with (2S+1) the spin multiplicity
referred to as singlet, double, triplet, . . . [3]
According to Hund’s rules the state with the largest spin multiplicity and the
largest value of L will be the ground state. The 6 electrons of Eu3+ together
with the Hund’s rules result indeed in the 7F level as lowest lying energy level,
as 6 electrons with si = 1/2 and li = 3 can couple at most to S = 3 and L = 3
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without violating the exclusion principle of Pauli [4].
The next perturbation to consider is the spin-orbit coupling. The magnetic
moments generated by the spin of the electron on the one hand and the
orbital angular momentum on the other hand interact and shift and split up
the energy levels into 295 2S+1LJ levels with J the total angular momentum.
J can take all possible values between |L+S|, |L+S-1|, . . . , |L-S|. According to
the third rule of Hund, for ions with a less-than-half filled 4f shell, the state
with the lowest value of J within one 2S+1LJ level has the lowest energy and
the energy of the other levels increases with increasing value of J. For the ions
with a more-than-half filled shell the opposite is valid.
The additional energy generated by this spin-orbit coupling is:
ESO = 1
2
hcζ [J (J +1)−L(L+1)−S(S+1)] (1.2)
The spin-orbit coupling constant ζ increases through the lanthanide series,
from ξ(Ce) = 650cm−1 to ξ(Yb) = 2930cm−1, with ξ the one-electron parame-
ters.
In the above description, the Russel-Saunders coupling scheme (LS coupling)
is used, with the orbital and spin momentum L and S as preserved variables
and coupled to the total angular momentum J. The Coulomb repulsion dom-
inates the spin-orbit interactions and the latter is evaluated perturbationally
within an LS-term. However, this gives only a good description for the J levels
of the low energy 7F and 5D levels but for small term splittings this picture
is no longer valid. Better correspondence with the real physical situation
could be obtained in the intermediate coupling scheme, resulting in linear
combinations of the different 2S+1LJ levels with the same value of J [5].
At this stage, were are still dealing with a free ion and the interaction with the
host can be considered as a perturbation on this free ion Hamiltonian. The
interaction consists of both repulsion between the electrons and attraction
with the nuclei of the host ions, resulting in a net electric field, the crystal field.
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Due to this crystal field effect, the central ion is affected by the surrounding
ligands via a static crystal field and it splits the remaining levels into at most
(2J+1) Stark sublevels, at least for a configuration with an even number of
valence electrons, the so called Kramers ions like Eu3+ [6]. For n = odd, there
are unpaired electrons and the states remain at least doubly-degenerate, with
a maximum splitting of J+1/2. The resulting Stark levels can be labelled by
both their values of J and MJ or by the irreducible representation of the point
group symmetry of their site.
The total effective Hamiltonian can thus be written as:




F (k) fk +ζ4 f ASO+HADD+VCF (1.4)
The first term (EAVE) comprises the spherical symmetric part of the free ion
and crystal field perturbation and results only in shift of the whole 4f6 con-
figuration. The non-spherical symmetric part of the Coulomb repulsion is
expressed by a sum of electrostatic radial Slater integrals F(k), multiplied by
fk, the angular part of the electrostatic interaction which can be calculated
exactly. The term ζ4 f ASO represent the spin-orbit coupling, with ζ4 f the
spin-orbit coupling constant and ASO the angular part of the interaction. The
parameters F(k) as well as ζ4 f increase with increasing number of valence
electrons n. This is explained by respectively the strengthened Coulomb re-
pulsion in going from Ce (4f1) to Yb (4f13) and the increasing atomic number
Z. Both F(k) and ζ4 f should be optimized by a least-squares fitting process
between the calculated and the experimental energy levels. The red-shift
of the barycentre as a consequence of the crystal field is also known as the
Nephelauxetic effect and refers to the electron cloud expanding over the lig-
ands with a decreased electron-electron repulsion as a consequence. The
exact nature of this effect is still open to debate but the covalency of the
metal-ligand bond and the coordination number (the lower the coordination
number, the higher the effect) are very probably playing part in it [3, 7, 8].
Apart from this electrostatic and spin-orbit interaction, additional parame-
ters are required to limit the discrepancies between experimental and theo-
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T s ts +
∑
k
P k pk +
∑
j
M j m j (1.5)
The first terms with parameters α, β and γ describe the electrostatic configu-
ration interaction of the 4fN configuration with higher-order configurations.
These configurations should have the same parity as the main 4fN configura-
tion and the interaction strength decreases with increasing energy difference
between the barycenters of the two investigated configurations. Possible
interacting configurations are 4fn-26s2 or 4fn-26s6d whereas the closest-lying
configuration, 4fn-15d is not appropriate. Next to these linear effects, addi-
tional non-linear three-particle terms are taken into account via the parame-
ters Ts, with s = 2, 3, 4, 6, 7, 8. Electrostatic correlated spin-orbit interaction
is described by the term
∑
k P
k pk with k = 2, 4, 6. At last, the magnetically




j m j with j = 0, 2, 4 [3].
For intraconfigurational 4f-4f transitions, the weak crystal field regime is
valid and thus Hcrystal field < HSO < HC due to shielding effect of the outer filled
shells. The crystal field potential is limited to the non-spherical symmetric
part, as the spherical symmetric part - however dominant in magnitude -
does not result in a splitting of the energy levels and is incorporated in EAVE
in Eq. 1.4. The non-spherical symmetric part of the interaction between host










q (i ) (1.6)
with Ckq the tensor operators that transform like the spherical harmonics and
Bkq the crystal field parameters. n is the number of valence electrons and thus
equal to 6 for Eu3+. In case of 4f electrons, k is limited to 6.
The variability of the k and q indices results in an infinite number of pa-
rameters, however only a few of them should actually be considered. The
limiting factor lies in the symmetry properties of the electronic states and
their surroundings. Since VCF has to be invariant under all the symmetry
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Table 1.2: Number of J levels for different symmetry classes for Kramers
ions
J = 0 1 2 3 4 5 6
Cubic 1 1 2 3 4 4 5
Hexagonal 1 2 3 5 6 7 9
Tetragonal 1 2 4 5 7 8 10
Lower 1 3 5 7 9 11 13
operations of the point group determined by the chemical compositions of
the host ions, the non-zero (k,q) combinations are limited to those for which
the coefficients Bkq contain the same symmetry elements as the point group
in question. The number of independent parameters that should be taken
into account increases with the lowering of symmetry, going from two (B40
and B60) for the Oh symmetry to 27 for the lowest possible C1 symmetry. This
strongly complicates the description of low site symmetries [3].
The number of resulting Stark levels, and thus the partial or total lifting of
the degeneracy of the energy levels, depends only on the symmetry class and
not on the point group of the site symmetry. However, differences between
different point groups are reflected in the number of transitions observed
in absorption or luminescence spectra as the selection rules will relax upon
lowering the symmetry (see further). In table 1.2, the splitting of the 2S+1LJ
levels is given for the different symmetry classes. Reversely, the site symmetry
can be determined up to a certain point from the number of Stark levels.
The remaining degeneracy in MJ can only be lifted by applying an external
magnetic field, the so called Zeeman effect [3].
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Figure 1.3: Energy levels of the trivalent lanthanides incorporated in LaCL3,
known as the Dieke Diagram [9].
Judd-Ofelt theory
The crystal field and thus the splitting of the energy levels, strongly affects the
shape of the spectrum. However, not all the transitions between the energy
levels that are energetically feasible will actually take place and the number
of observed transitions is again set by the crystal field. An emission spectrum
of Eu3+ contains transitions mainly starting from the 5D0 level, to a minor
extent from the 5D1 and 5D2 level and very rarely from the 5D3 level. All these
transitions occur via a multipolar interaction between the incoming light and
the luminescent ion and can be subdivided in three main categories : (1) the
magnetic dipole transitions, (2) the electric dipole transitions and (3) electric
quadrupole transitions. The latter are rather exceptional and will not be
considered here. Most observed transitions can be categorized under electric
dipole transitions, or more correctly induced electric dipole transitions. An
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electric dipole operator induces a linear displacement of electric charge in an
ion and the transition resulting from the interaction of the lanthanide ions
with the electric field of the incoming light has odd parity. Wave functions
are also classified by having even (+1) parity or odd (-1) parity, with the parity
of a system being the product of the parities of the individual components.




and the initial and final state of a configuration of 6 4f electrons (l = 3) have
both even parity. The Rule of Laporte states that electric dipole transitions
can only connect two states having opposite parity, which is not the case for
transitions for which the configuration does not change like for 4f-4f tran-
sitions. This rule is however only strict in a centrosymmetric environment,
but can relax for ions doped into certain host materials. The crystal field
potential can induce a mixing of states with different parity making initially
forbidden transitions partially allowed. The resulting transitions are called
induced electric dipole transitions. For 4f shells these opposite parity states
come for example from the filled 5d shells, as the 5d electrons (l = 2) have
opposite parity compared to the f electrons. Another way to induce these
transitions is via vibronic coupling [5]. The intraconfigurational transitions
for mixed parity states can be written as follows:
a
[5DJ (4f6)]+b[4f55d1]→ c[7FJ’ (4f6)]+d[4f55d1] (1.8)
with a»b and c»d. This mixing is caused by the odd part of the crystal field
potential only, since a central field is invariant under inversion and the states
would preserve their parity. As centrosymmetric point groups do not pos-
sesses an odd part in their potential, these induced electric dipole transitions
are not observed for the point groups Oh and Th. Because the transitions are
the result of a perturbation effect, their probability and thus their intensity
will be lower compare to allowed transitions in a free ion. In 1962, Judd and
Ofelt published simultaneously but independently on their research about
the intensities of transitions of rare-earth ions [10, 11]. Their findings are
nowadays generally known as the Judd-Ofelt theory and give a theoretical
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expression for the line strength of transitions. Transition intensities are often





]∣∣〈αJ M |Ô |α′ J ′M ′〉∣∣2 (1.9a)
with the magnetic dipole (MD) and electric dipole (ED) operators given by:





In case of the electric dipole transitions, the initial and final wave functions
are perturbed by the potential field and can be written as:
〈ψα| = 〈 f nϕJ M | +
∑
β
〈 f nϕJ M |V |ϕ′′
β
〉
E( f nϕJ M)−E(ϕ′′β)
〈ϕ′′β| (1.10a)
and





|V | f nϕJ ′M ′〉
E( f nϕJ ′M ′)−E(ϕ′′β)
|ϕ′′β〉 (1.10b)
with | f nϕJ M〉 and | f nϕJ ′M ′〉 the initial and final 4f states and |ϕ′′
β
〉 the
mixing states with opposite parity. The | f nϕJ ′M ′〉 states are intermediate
coupled states and are linear combinations of the Russell-Saunders coupling
states:
| f nϕJ M〉 = | f nα [SL] J〉 =
∑
S,L
A(S,L) | f nα [SL] J〉 (1.11)
From the computation of this theory it arises that only d or g orbitals can mix
parity (selection rule |l-l’|≤ 1).
The crystal field and dipole operators should then be written as tensor op-
erators and one finds as general expression for the induced electric dipole
transition.




∣∣∣〈 f n [SL] J | |U (λ)| | f n [S′L′] J ′〉∣∣∣2 (1.12)
with Ω(λ) the Judd-Ofelt parameters which can in principle be calculated
from the crystal structure, but are usually considered as phenomenological
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parameters obtained by a least-square fit to absorption or emission spectra.
They depend on the odd-order terms of the crystal field [9, 12–14]. The
reduced matrix elements U (λ) are calculated in the intermediate coupling
scheme and thus for wavefunctions that are linear combinations of the LS
states and the Coulomb repulsion and spin-orbit coupling are of the same
order of magnitude. The expression in Eq. 1.12 is the main achievement of
the Judd-Ofelt theory. In order to obtain this expression, three important
assumptions have been made [15]:
1. The energy of the configurations ϕ′′
β
in Eqs. 1.10 are considered to be
independent of the quantum numbers α′′, J ′′, M′′J . In other words, no
degeneracy is taken into account for the opposite-parity configurations
that are used for the mixing.
2. The difference between the denominators in Eq. 1.10 are cancelled out
by replacing them with a average energy difference ∆E(ϕ′′). For oppo-
site parity configurations with high energies as compared to the 4fn-
configuration, this approximation is more or less valid, however large
errors are introduced for mixing with for instance low-lying 4fn-15d1.
3. The Stark levels of the ground state are assumed to be all equally pop-
ulated, despite the fact that there will be a substantial difference in
population, as the splitting of these levels can be of the order of a few
hunderd cm-1.
The application of the Judd-Ofelt theory on Eu3+ is simplified by the fact that
most of the reduced matrix elements are zero except for U(2) for the 5D0 →
7F2 (U(2) = 0.0032); U(4) for the 5D0 → 7F4 (U(4) = 0.0032) and U(6) for the 5D0
→ 7F6 transition (U(6) = 0.0002) [3].
As the magnetic-dipole operator (Eq. 1.9) has even parity, for 4f-4f transition
parity is conserved and the MD transitions are allowed. Therefore, exact
calculation of the magnetic dipole transition strengths are possible [16].
The Judd-Ofelt theory comprises the determination of the parametersΩ(λ)
and consequently the calculation of the transition probabilities and related
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radiative lifetimes and branching ratios.
The radiative transition probability is defined as:









with σ the average wavenumber of the transition, h the Planck constant,
(2J+1) the degeneracy of the initial state and DED and DMD the electric and
magnetic dipole strengths. The term (n(n2+2)2/9) corrects for the effect
of the dielectric medium. As the electric dipole transition is induced by an
effective field, consisting of the electric field of the incident light together
with the electric field caused by dipoles outside the spherical surface, the re-
duced matrix elements have to multiplied by (Eeff/E)
2. This factor is equal to
(n2+2)2/9, the Lorentz local field correction. As we are considering emission
spectra, the transition probability should be divided by the energy density
and thus multiplied by 1/n2. In addition an extra n3 factor should be taken
into account resulting from the density of photon states. The combination
of both results in the factor (n(n2+2))2/9. For magnetic dipole transitions
only the n3 factor remains [17]. Measuring absolute intensities is always a
very difficult task, but luckily the magnetic dipole strength can be calculated
exactly, making relative techniques possible. DMD for the 5D0 → 7F1 transi-
tion is equal to 9.6×10-6 Debeye2, resulting in A(1,0) = 14.65s−1 in vacuum.
In general, an initial level |ψJ〉 gives rise to different transitions and the
relative contribution of one transition ( |ψJ〉 → |ψ′ J ′〉 in the total emission
intensity starting from this energy level is called the branching ratio β. This
can be determined from experiments or calculated as follows:
βR (ψJ ,ψ
′ J ′)= A(ψJ ,ψ
′ J ′)∑
ψ′ J ′ A(ψJ ,ψ′ J ′)
(1.14)
and can be useful to determine radiative lifetimes of energy levels [3].
The derivation of the Judd-Ofelt theory results in several selection rules, listed
in Table 1.3. The most common transitions in Eu3+ are 5D0 → 7FJ, which
are spin forbidden in the Judd-Ofelt theory. This indicates that the theory
is not able to cover all interactions of ions in solids and new assumptions
should be considered. Some suggestions are already made, like for example
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Table 1.3: Selection rules for induced electric dipole transitions and mag-
netic dipole transitions.
Induced electric dipole transitions Magnetic dipole transitions
(ED) (MD)
|∆S| = 0 |∆S| = 0
|∆L| ≤ 6 |∆L| = 0
|∆J| ≤ 6 |∆J| = 0, ± 1;
and |∆J| = 2, 4, 6 if J or J’ = 0 but 0↔ 0 is forbidden
J-mixing (see later) and the Wybourne-Downer mechanism. The latter treats
spin-orbit interaction between different excited states, resulting in combined
spin states in the 4fn configuration. This can probably explain the relaxation
of the spin selection rule (|∆S| = 0) and consequently the occurrence of the
5D0 → 7FJ transitions [3].
1.2 Eu3+ spectra as a probe for symmetry
Absorption and emission spectra of Eu3+ are often used as a probe to de-
termine the symmetry of the lanthanide site. In Figure 1.6, the emission
spectra of two different host doped with Eu3+ are shown, being monoclinic
α-Gd1.5Eu0.5(MoO4)3 and orthorhombic β-Gd1.5Eu0.5(MoO4)3. In switching
from the monoclinic to the orthorhombic structure, the coordination polyhe-
dron of the Eu3+ ion changes from EuO8 to EuO7 resulting in a clear change
in the multiplet splitting.
In general, each lanthanide ion could be used as the crystal field theory and
by extent the Judd-Ofelt theory is applicable to all, but the use of the Eu3+
ion has some specific advantages over the other ions [5, 18–22]. At first, the
non-degeneracy of the ground and most important emitting state, 7F0 and
5D0 respectively, strongly reduces the complexity of the interpretation of the
spectra. In the same line, the low values of J and the resulting low number of
Stark levels of the other involved energy levels ease the discussion. Moreover,
the measured lines can easily be assigned to the various transitions as they are
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all quite well separated. The large energy gap between the 5D0 level and the
7FJ multiplets results in high intensities, favourable for the assignment. The
constraint on the involved parameters and the resulting splitting of the levels
is k≤ 2J. For the 7F1 level of the Eu3+ ion for example, this means that the
splitting can only occur via B20. As this parameter is absent for Oh symmetry,
no splitting of this level is expected if the Eu3+ ion is located on a site with
this symmetry. In this way, symmetry can be deduced from the spectra. Flow
charts are possible to facilitate this task (see Fig. 1.4). However, it should
be noted that the restriction on k is only valid for weak crystal fields. In this
crystal field regime, intermediate coupling provides a good description of the
real physical situation and J-mixing should not be considered. If the crystal
field is too strong and J-mixing has to be taken into account, J = 2 waves can
mix up with J = 1 waves as such that also the B 4q parameters should be taken
into account.
Notwithstanding these advantages, caution is in order and often only sugges-
tions rather than unequivocal assignments can be done. One of the largest
pitfalls is the often small crystal field splitting, which makes resolving the
different peaks impossible even at low temperature. Contrary to what could
be expected, these small splittings regularly arise from sites with low site
symmetry combined with high coordination numbers. The latter can create
a quasi-spherical field felt by the Eu3+ ion and acts on the energy levels like a
highly symmetric point group. In the opposite direction, an overestimation
is possible as well. In some cases, satellite lines arising from vibronic tran-
sitions or optically different sites can wrongly be taken into account in the
counting of the different peaks per transition and in this way lead to a wrong
assignment of the site symmetry. Last but not least, even if the number of
peaks is correct, a correct symmetry attribution is not always straightforward,
as some point groups give rise to identical splittings. In that case selection
rules and polarization should be introduced to discriminate among them
[3, 23, 24].






























































































































































































































































































































































































































Figure 1.4: Flow chart for the symmetry assignment based on the number
of transition lines in Eu3+ emission spectra. From [25].
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In the following the most important transitions of the Eu3+ ion are discussed.
Induced electric dipole transitions
• 5D0 → 7F0 transition
This transition is in principle forbidden based on the selection rules
for J. Nieuwpoort and Blasse found out that this transition does occur
for point symmetries containing linear terms (k = 1) in the crystal field
potential [26]. As a result, this transition is observed if the lanthanide
ion is located on a site with Cnv, Cn or Cs symmetry. The breakdown of
the selection rule can possibly be explained by J-mixing or even mixing
with low lying charge transfer transitions. As for opposite parity mixing,
J-mixing can be considered as a first-order perturbation effect of the
crystal field potential that mixes energy levels with different values of J
resulting in a modified transition:
5D0 → a
[7F0]+b[7FJ ′] (1.15)
with a»b. The general selection rule for this J-mixing is given by the
triangle rule ∆(J , J ′,k), with k the rank of the tensor operator in the
crystal field Hamiltonian. In the case of J = 0, this reduces to J’ = k,
which means that 7F0 can mix with 7F2 only via B20 or B
2
2. For example,
for an Eu3+ ion on a site with Oh symmetry,
7F0 can only mix with 7F4
(via k = 4) and 7F6 (via k = 6). As its effect decreases with increasing en-
ergy difference between the two J-levels, only close lying energy levels
should be considered and the effect will be very limited for these high
symmetries. Apart from inducing this transition, J-mixing influences
its energy as well. By this mixing effect, the 7F2 level will push the 7F0
level downwards (via B2), whereas the 5D0 level remains quasi stable
due to the large energy difference between 5D0 and 5D2. The combina-
tion of both results in a shift to higher energies for this transition upon
increasing crystal field parameters [27].
As the energy splitting of the 7F1 level can be considered to be propor-
tional to B 2q , a relation between this energy splitting and the energy of
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the 5D0 → 7F0 transition can be investigated. In Figure 1.5, the 5D0 →
7F0 and 5D0 → 7F1 transitions are shown in the emission spectrum for
different types of Eu3+-doped scheelites. The splitting of the latter is
completely determined by the splitting of the 7F1 level and it can be
seen that the smaller splitting of 7F1 observed for x = 0.5667 (∆7F1 =
104cm−1) as compared to the other samples (∆7F1 = 140cm−1), indeed
coincides with a lower energy for the 5D0 - 7F0 transition. Note that
the scale of the x- and y-axis is different for the two transitions. Other
possible causes of this energy shift are changes in the magnitude of
the spin-orbit coupling (ζ4 f ) and Coulomb repulsion (F
2, F4 and F6)
parameters [27].
Apart from its forbidden nature, this transition can provide useful
information on the type and espcially the number of different sites for
the Eu3+ ion in the host.
As the initial and final state of this transition are both non-degenerate
(J = 0), one Eu3+ site can be associated with only one 5D0 - 7F0 band.
Observing more than one band implies the presence of more than one
site position for the Eu3+ ion. Of course the opposite is not true, as for
many site symmetries this transition is forbidden resulting in a too low
intensity for the transition to be discerned [23].
• 5D0 → 7F2 transition
The 5D0 - 7F2 lines are situated around 615nm and responsible for
the characteristic red luminescence of Eu3+. This transition obeys
the selection rules for both electric dipole and quadrupole transitions
and its intensity is highly sensitive to the environment. For very small
deviations from a site with inversion symmetry this transition can gain
much more intensity than other transitions. This type of transitions,
with a line strength several orders of magnitude larger than expected for
quadrupole transitions, are often labelled as hypersensitive or pseudo-
quadrupole transitions [28]. The exact reason for this hypersensitivity is
not known and probably different factors, such as polarizability of the
ligands, mutual interaction between the lanthanide ion and the crystal
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environment (dynamic coupling), . . . should be taken into account
[15, 23, 28, 29].








Δ7F1 = 140 cm-1
Δ7F1 = 104 cm-1 17247 cm-1
17259 cm-1
Figure 1.5: Emission spectra of Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (0 ≤ x ≤
0.567). The three emission peaks located between 16700 and 17000cm−1
correspond to the 5D0 → 7F1 transition. The single peak around 17250cm−1
corresponds to the 5D0 → 7F0 transition.
Magnetic dipole transitions
• 5D0 → 7F1
Magnetic dipole transitions can occur between states having the same
parity, so there is no need of mixing between states with opposite parity
by the crystal field potential. Notwithstanding that the intensity of this
transition can be influenced by J-mixing, it is in general considered
as being independent of the environment. Therefore, this transition
is often taken as a reference in emission spectra (DMD = 9.6× 10−6
Debye2). For example, when the inversion symmetry of the Eu3+ site is
broken, the 5D0-7F2 transition gains intensity whereas the transition
probability of the 5D0-7F1 transition remains quasi constant. As both
are similarly affected by non-radiative processes, the ratio of both in-
tensities is a measure for the symmetry of the site and often referred to
as the asymmetry ratio R. The intensity of a magnetic dipole transition
is in principle much lower than for electric dipole transitions, how-
30 | Chapter 1
ever due to their allowed character the contribution in the spectrum
can be fairly high. The splitting of 7FJ is of course still dependent on
the crystal field and can be directly read from this transition, due to
the non-degeneracy of the starting level, 5D0. For cubic symmetries
no splitting is observed, whereas for hexagonal, tetragonal and trigo-
nal crystal fields a partial lifting in a double-degenerate and a single
degenerate level is observed. Lower symmetries completely lift the
degeneracy. The number of lines can be useful if the 5D0 - 7F0 transi-
tion is not observed, as the detection of more than three lines for this





















Figure 1.6: Emission spectrum of α-Gd1.5Eu0.5(MoO4)3 (black line; lower
spectrum) and β-Gd1.5Eu0.5(MoO4)3 (red line; top spectrum) [30].
1.3 Dynamics of the excited state
The absorption of light by a material results in a new configuration for which
the absorbing atom is raised into an excited state. This excess in energy can
again be released radiatively by the emission of photons and non-radiatively
by the dissipation of heat or, most probable, by a combination of both. In the
time interval between absorption and emission, the energy can be shifted
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towards other energy levels within the same atom or transferred through
the material upon reaching other atoms or molecules. In the former case,
phonons are created to bridge the energy gap between the adjacent energy
levels and is often referred to as multiphonon relaxation. In the latter, energy
transfer occurs from the dopant, absorbing the excitation energy, to the
acceptor, releasing the energy radiatively or non-radiatively. The dopant and
acceptor can be of both the same or a different type. These energy transfer
processes, present in many different variations, are of great importance for
trivalent lanthanides and can have a positive as well as a negative effect on
their quantum efficiency. Indeed, due to the forbidden character of the 4f-4f
transitions, their absorption strengths are typically very low, limiting the
external quantum efficiency of the lanthanide emission. Indirect excitation
via strongly absorbing ions or groups of ions and subsequent transfer can
however overcome, at least partially, this problem. In contrast, transfer
from the luminescent centre to quenching centres can strongly reduce their
quantum efficiency [17, 31].
Lifetimes
Once excited, the optically active centra have a certain probability per unit of
time, Γr , to return to their ground state. This decay rate will be proportional
to the number of excited ions N and the following rate equation is valid:
d N (t )
d t
=−Γr N (t ) (1.16)
with Γr the decay constant. The solution of the above equation is:
N (t )=N0 exp(−Γr t )=N0 exp(−t/τ) (1.17)
with τ= 1/Γr , the radiative lifetime.
The lifetime of an excited level ψJ , τr ad−ψJ , is defined as the sum of the
radiative decay rates of all transitions ψJ → ψ′J ′ starting from this level. As
each of these transitions has its own transition probability, the total radiative
lifetime is given by:
τr ad−ψJ =
1∑
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where the sum runs over all transitions with initial level ψJ [5]. From the
above equation it is immediately clear that forbidden transitions, with a low
spontaneous emission coefficient, will result in long decay times. For spin
and parity forbidden transitions, like for Eu3+, typically decay times between






As stated above, the depopulation of an excited energy level can occur via
radiative and non-radiative decay with or without energy transfer to other
ions. The measured lifetime τexp of an excited state is a combination of the
probabilities of all occurring phenomena:
τexp = 1∑
J ′ A(ψ′ J ′,ψ′ J ′)+
∑
J ′ W (ψJ ,ψ′ J ′)
(1.20)
Although direct measurement of the non-radiative decay, the second term in
the denominator of Eq. 1.20, is impossible, an indication of its magnitude
can be obtained by comparison of the experimental and radiative decay. The
contribution of the non-radiative depopulation mechanisms can strongly be
reduced by performing the measurement at liquid nitrogen (77K) or liquid
helium (4.2K) temperature. However, even at these low temperatures there
is still no guarantee for the measured lifetime to be equal to the radiative
lifetime. Therefore, the radiative depopulation should be determined theoret-
ically from the Judd-Ofelt theory. In principle this implies the determination
of the parametersΩ(λ), again not an easy task. However, in some cases this
can be circumvented.
Consider for example the 5D0 emission of Eu3+. According to Eq. 1.19, only
the spontaneous emission coefficient of one transition starting from the 5D0
level together with its relative contribution in the total emission from 5D0
is needed. The latter can be obtained by recording an emission spectrum
in which all 5D0 → 7FJ transitions from 5D0 → 7F0 at 579nm to 5D0 → 7F6
at 750nm are included and calculating the integrated areas of the different
emission bands. As A(5D0,7F1) of the 5D0 → 7F1 magnetic dipole transition is











with A(5D0,7F1) = 14.5s−1 and n the refractive index of the host [3, 17, 31].
Multiphonon relaxation













Figure 1.7: Decay profiles of the emission from the lowest excited state
of Tb3+ (purple diamonds), Eu3+ (red spheres), Sm3+ (blue squares) and
Dy3+ (green triangles) in 2D lathanide coordination polymers based on





















Figure 1.8: Intensity of the 5D2 (blue circles), 5D1 (green triangles) and
5D0 (blue diamonds) emission during the first 25 microseconds after the
excitation for Ca0.4Gd0.3Eu0.10.2WO4. The lines are a guide to the eye.
As stated above, transitions between two adjacent levels within one ion, can
occur via radiative or non-radiative transitions, each with their probability Wr
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and Wnr. The competition between both determines the internal quantum
efficiency (= WrWr+Wnr ) of the starting level. The non-radiative rate requires the
interference of phonons and the participating phonons in this process are the
phonons of the material with both the highest energy and a reasonable den-
sity of states. The number of phonons taking part in the process equals the
ratio between the energy gap and the effective phonon energy. By calculating
Wr from the absorption data and measuring the decay rate, Riseberg and
Weber succeeded in the determination of Wnr for different host materials [34].
According to their findings, transitions involving less than five phonons result
in Wnr being considerably larger than Wr and the non-radiative decay path
dominates the process. If the multiphonon relaxation requires five or more
phonons, Wnr becomes comparable with typical decay rates for trivalent
rare-earths and the probability for a radiative transition increases. From the
Dieke diagram (see Fig. 1.3), which locates the energy levels of all trivalent
rare-earth ions in LaCl3, it can be seen that some ions will show remarkably
more non-radiative decay due to their high number of energy levels and thus
small energy gaps [35]. An example is given in Figure 1.7, where the decay
profiles of the emission of different lanthanides (Tb3+, Eu3+, Dy3+ and Sm3+)
in the same host is given. Dy3+ and Sm3+ show a remarkably faster decay
compared to Eu3+ and Tb3+ due to their high density of levels.
In Eu3+, the transition from the 5D2 to the 5D1 level and subsequently to the
5D0 level can occur via multiphonon relaxation. The energy gaps between
these levels are 2400cm−1 and 1750cm−1 respectively, so for materials with
phonon energies larger than 480cm−1, multiphonon relaxation becomes
probable. In Figure 1.8, the time resolved integrated intensities of the 5D2,
5D1 and 5D0 emission are shown during the first 25 microseconds after excita-
tion in the 5L6 level (λexc = 395nm). The relaxation from this level to the 5D2
level is too fast to be detected and the 5D2 emission shows the same decay
profile as for direct excitation into this level. By contrast, the subsequent
relaxation to the 5D1 level is determined by the decay rate of the 5D2 level.
An increase in intensity of its emission is found until it reaches a maximum
at 3µs after which the regular exponential decay sets in. Similar to the 5D1
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emission, the 5D0 emission increases first with increasing time, however the
maximum intensity is reached only after 17µs. The differences in the dynam-
ics of the emission of the three energy levels proves the step-wise relaxation
from the one level to the other. However, next to this multiphonon relaxation
process, part of the energy transfer can be the result of cross-relaxation as
well, which will be discussed in the next section.
The multiphonon relaxation process is temperature dependent due to the
temperature dependence of the occupancy n of the phonon modes [36]:
n = 1
exp(~ω/kT )−1 (1.22)
with ~ω the effective phonon energy. For p phonons involved in the process
and Wnr(0) the non-radiative rate at 0K, the temperature dependence of the
non radiative rate equals:
Wnr (T )=Wnr (0)(1+n)p (1.23)
which is generally known as Kiel’s formula [37].
One-step energy transfer
As stated above, energy transfer can occur between neighbouring ions either
of the same type or of a different type. The process:
S(excited)+A(ground state)→ S(ground state)+ A(excited) (1.24)
can only occur if the ions possess quasi-resonant energy levels. Spectral over-
lap between the emission band of S (sensitizer) and the absorption band of A
(activator) is thus needed, however, the absorption or creation of phonons
can relax this resonance condition to a certain extent. The probability for
energy transfer per unit of time is given by:
WS∗A = 2pi~ |〈S, A
∗|Hˆ i nt |S∗, A 〉|2
∫
gS(E)g A(E)dE (1.25)
and the interaction between the two ions S and A, described by Hˆ int, can
arise via electrostatic, magnetic or exchange coupling. If the atoms are close
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enough together for the charge clouds to overlap, exchange interaction will be
responsible for the transfer. In this process, electrons are exchanged between
the sensitizer and the acceptor and the strength of this interaction decreases
exponentially with the distance between both. By contrast, atoms at larger
distances will transfer energy by Coulomb interaction for which the electrons
remain on their respective atoms and the strength has a distance dependence
of 1/rn, with n depending on the involved multipolar interaction [38, 39].
Distinguishing between both types of interaction is not easy, however apart
from the distance dependence, a distinction can be made based on the
involved transitions. Electric multipolar interaction depends on the spectral
overlap as well as on the absorption strengths of the transitions. Therefore its
probability will vary strongly with the latter and its occurrence will be largest
for allowed transitions of A. By contrast, exchange interactions depend only
on the spectral overlap and are therefore more probable for transfer processes
for which the forbidden 4f-4f transition are involved [40].
This process is here referred to as single-step transfer. However, in some
cases subsequent transfer between sensitizers is possible before the energy
reaches the activator and the transferred energy can be considered as an
exciton migrating through the crystal [41].
Note that this type of energy transfer is non-radiative and can be considered
as a quantum mechanical exchange of a virtual photon. Of course, radiative
energy transfer, for which the absorber absorbs a photon emitted by the
sensitizer, is possible as well. A distinction between both can be made based
on time-resolved measurements. The above described transfer results in
a shortening of the decay time due to the increase of Wnr in Eq. 1.20. By
contrast, radiative transfer will not influence the decay time of the sensitizer
[31].
Cross-relaxation
Cross-relaxation is a specific type of the above-mentioned energy transfer.
As for this process two ions are involved, it is sometimes referred to as ion
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pair relaxation. The energy released by the relaxation between two energy
levels of ion 1 is used for an excitation process within ion 2. Ion 1 and ion
2 can be of alike or different ions as shown in Fig 1.9. The conditions for
this cross-relaxation process are a relatively small distance between the ions,
implying a sufficiently large concentration and equal energy gaps between
the energy levels of the considered ions. This resonance condition can par-
tially be relaxed by the creation or absorption of phonons. In the absence
of phonons, cross-relaxation is a temperature independent process. Both
the concentration dependence and the temperature independence are char-
acteristics to recognize a cross-relaxation process. Eu3+ as well as Tb3+ are
lanthanide ions that show cross-relaxation [32]:
Eu3+ :
(5D1)ion1+ (7F0)ion2+phonons(885cm−1)→ (5D0)ion1+ (7F2)ion2
(1.26a)
Tb3+ :
(5D3)ion1+ (7F0)ion2 → (5D4)ion1+ (7F6)ion2 (1.26b)
In Figure 1.10 (left) the emission spectra of a Tb3+-doped scheelite is shown
upon excitation in the 5D3 - level (λexc = 378nm) for three Tb3+ concentra-
tions (1% Tb3+, 2% Tb3+ and 5% Tb3+). The fraction of 5D4 emission in the
total emission output increases with increasing Tb3+ concentration and the
observed emission from the 5D4 level is the result of the cross-relaxation. The
resonance of the process manifests itself in a constant 5D4/5D3 -ratio for this
excitation wavelength with increasing temperature as can be seen in Figure
1.10 (right).
Charge transfer transitions
Apart from the typical sharp transitions lines, Ln3+ absorption and excitation
spectra can show broad bands in the UV region (Fig. 1.11). These broad
bands can be assigned to a charge transfer or to a 4fn → 4fn-15d1 transition.
The charge transfer bands point to the transfer of an electron from or to the
lanthanide ion. The stability of the 4fN configuration determines to a large
extent the energy order of these two broad band transitions. In the case of
Eu3+ (4f6), the charge transfer transition has quite low energy whereas for the
Tb3+ ion (4f8) the 4fn → 4fn-15d1 transition has in general the lowest energy.
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Figure 1.9: Cross-relaxation process between two different ions (left) and
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Figure 1.10: Left: Normalised emission spectra of Tb3+-doped PbWO4 with
1 %, 2% and 5 % Tb3+ (λexc = 378nm). Right: Normalised emission spectrum
of the 5 % Tb samples at 75K (blue dashed line) and at 300K.
Typically, two types of charge transfer can be considered. For the first one,
an electron is transferred from the neighbouring anions to the trivalent lan-
thanide, so that the lanthanide becomes divalent for a certain period of time,
after which the electron returns to the anion. The charge transfer transition
can show high intensity as compared to the 4f-4f transitions due to its allowed
character. According to Jørgenson, its position in the spectrum depends es-
sentially on the optical electronegativity of the surrounding ligands:
EC T = 3.104
[




with χopt (X ) the electronegativity of the ligand and χuncor r (M) the uncor-
rected electronegativity of the metal ion [42]. Uncorrected refers to the fact
that interelectronic repulsion parameters are not taken into account. How-
ever, this is only valid for halides and gives no good predictions for oxides.
In any case, the energy of the charge transfer transition will decrease if the
surrounding ligands are less electronegative. Apart from the electronegativ-
ity, the size of the lanthanide site and the binding strength should be taken
into account as well, as demonstrated by Dorenbos [43]. This type of charge
transfer locates the lowest Eu2+ 4f level with respect to the valence band of
the host.
The opposite case, an electron from the lanthanide being transferred to a
metal ion of the host, is often referred to as an Inter Valence Charge Transfer
(IVCT). Boutinaud and co-workers developed an empirical model that po-
sitions the IVCT state in the host for which they focused on Pr3+- and Tb3+-
doped oxide lattices containing transition metals, as both have favourable
redox properties for this charge transfer. With the knowledge of the opti-
cal electronegativity and the distance between the lanthanide and the host
(d(Ln3+ - Mn+), the position can be determined with an energy accuracy of
1500cm−1:
IVCT(Ln3+(cm-1))= 58,8.103−49,8.103 χopt (M
n+)
d(Ln3+−M n+) (1.28)
This state gives valuable information on the position of the ground state
of the trivalent lanthanide with respect to the conduction band of the host
[44–46].
Charge transfer bands in general can act as sensitizer for the lanthanide
luminescence. After excitation in these bands, energy transfer to the 4f states
can occur. However, not all energy levels are populated equally, only those
which have their cross-over quasi resonant with the minimum of the charge
transfer state are fed. Back-transfer from the 4f levels to the charge transfer
is possible as well. Therefore, charge transfer states lying too low in energy
can have a detrimental effect on the luminescence as well, as it can induce
low quenching temperatures (see next paragraph). In addition, mixing of
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the charge transfer state with the lanthanide crystal field levels, can induce
electric dipole transitions due to their opposite parity. This is extensively
described by Blasse [47]. He listed the charge transfer energy of a series of
Eu3+- doped ABO4 (A = Sc, Y; B = P, V) compounds together with the ratio of
electric to magnetic dipole emission intensity. The lower the energy of the
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Figure 1.11: Excitation spectrum of Eu3+ (λem = 611nm, blue), Tb3+ (λem
= 545nm, green), Dy3+ (λem = 574nm, red) and Sm3+ ((λem = 645nm, grey)
doped in 2D lathanide coordination polymers based on N-heterocyclic
arylpolycarboxylate ligands [33].
Thermal quenching
Thermal quenching is the process where, starting at a certain temperature,
the emission intensity decreases upon increasing temperature due to a ther-
mally stimulated non-radiative decay path. The increased non-radiative
rates can be the result of many different mechanisms, depending on the
type of lanthanide emission [48]. For 4f-4f emission, multiphonon relaxation
will be the main cause for thermal quenching with a temperature depen-
dency given by Eq. 1.23. However, thermal quenching due to a crossover
to a Franck-Condon shifted state is possible as well [49]. In Figure 1.12 the
configurational coordinate diagram for a Tb3+ ion with its two lowest-lying
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Figure 1.12: Configurational coordinate diagram of a Tb3+ centre in PbWO4
(left). Thermal quenching profile of the 5D3 emission of Tb3+ for λexc =
280nm and λexc = 378nm.
”quenching state”, an activation energy ∆E J X is necessary. If the available
thermal energy kBT equals this activation energy, cross-over is possible. Its
rate is described by:
Wnr = Γ0 exp(−∆E J X /kB T ) (1.29)
with Γ0 the frequency factor. This factor can be considered as temperature
independent and is of the order of 1013 s−1 [50]. In case only cross-over to
another state is considered as quenching mechanism, the internal quantum




1+ Γ0Γr exp(−∆E J X /kB T )
(1.30)
Thermal quenching is usually illustrated by integrating the emission spec-
tra and plotting them as a function of temperature. As absolute emission
intensities reflect the external quantum efficiency (EQE), the above trend
is not always reflected in thermal quenching profiles and changes in the
absorption strengths can lead to differences between the experimental ther-
mal quenching profiles and the expression in Eq. 1.30. Therefore, thermal
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quenching profiles can be highly dependent on the excitation wavelength. In
addition, different quenching mechanisms can be at work, resulting in more
complicated prescriptions than the one given in Eq. 1.30.
As an example, in Figure 1.12 (right), the thermal quenching of the 5D3 emis-
sion is shown for two excitation wavelengths, a host-related excitation (λexc =
280nm, red diamonds) and excitation into the 5D3 level itself (λexc = 378nm,
blue circles) and large differences between both can be observed. Only the
latter one (λexc = 378nm) represents the change in external quantum effi-
ciency of the 5D3 ion itself. Certainty on the change in internal quantum
efficiency can solely be obtained by taking into account the lifetime decay
dynamics as well, as these represent the internal quantum effiency. This is
further described in Chapter 9.
1.4 Use of rate equations
In the above sections, different aspects of luminescence and their influence
on the properties of the material are described. However, full characteriza-
tion of a luminescent material is in general not easy. Typically, many different
centres, host-related and dopant-related, contribute to the luminescence
and should be considered. In addition, multiple energy transfer mechanisms
between all these centres occur, which highly complicates the description of
the material. Therefore, in the identification of all these relevant phenom-
ena, the use of rate equations can be very useful. First, from luminescence
spectroscopy, both in steady-state as well as in time-resolved mode and as a
function of temperature, the electronic structure of the materials should be
empirically deduced. Next, the obtained model should be translated to a set
of coupled rate equations. Finally, by fitting their solution to the experimental
data, the significance of the postulated mechanisms can be investigated.
In the following, the most simple situation for which an analytical solution
can be provided is discussed. Consider an energy level with two possible
decay paths: 1) a radiative decay path with the emission of photons with a
certain decay rate Γv and 2) a thermally assisted non-radiative decay path to
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a non-specified quenching centre with an activation energy ∆E and a rate
given by Γ0 exp(−∆E/kT ), were Γ0 is the frequency factor.
The rate equation describing the excited state population N(t,T) is then given
by:
d N (t ,T )
d t




N (t ,T ) (1.31a)








N (t ,T )
=N0− A(T )N (t ,T )
(1.31b)




and N0 the number of excited ions per unit of
time. The solution of equation 1.31 is:
N (t ,T )= N0
A





Figure 1.13: Configurational coordinate model of an excited state that can
decay both radiatively with a decay constant Γv and non-radiatively via a
thermally-assisted cross-over to a quenching state with activation energy
∆E and frequency factor Γ0. The details of these results are described in
Chapter 9.
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From this solution, the time dependence of the emission intensity as well
as the steady state emission intensity can be obtained, but both require a
different approach.
The time dependence of the intensity is acquired by considering aδ-excitation
at t = 0, which leads to:
I (t ,T )= I (0)exp(−At ) (1.33)







which is no longer solely determined by the radiative decay rate Γv , but now
experiences a temperature dependent decrease. The higher the temperature,
the higher the contribution of the non-radiative decay path will be, resulting
in a fastening of the decay.
The temperature dependence of the steady state intensity is obtained by con-
sidering continuous excitation and setting the initial excited state population
N(0,T) equal to zero. The resulting excited state population is then obtained
by taking the limit at t→∞:
lim




By multiplying the number of excited ions with the decay rate Γv , the emis-
sion intensity is obtained:












This intensity is determined up to a constant and depends on ∆E and the











Figure 1.14: Time evolution of the number of excited ions upon continuous
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Figure 1.15: Thermal quenching profile as described by equation 1.36.
By fitting equation 8.1 and 1.36b to experimental decay profiles and thermal
quenching data respectively, values of ∆E and Γ0 and Γv can be obtained.
Despite this valuable information, this solution gives still no full picture of
the situation, as many parameters, such as the curvature of the parabola’s,
remain unsolved. For more complicated systems the equation cannot be
solved analytically and one is limited to a numerical solution, like in the case
of PbWO4: Tb3+ as described in Chapter 9.
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Chapter 2
Modulated structures
This chapter is mainly based on the following book:
Incommensurate crystallography
Sander van Smaalen
Volume 21 of IUCR Monographs on Crystallography
Oxford University Press (2007)
In 1669 Niels Stensen launched the start of the modern crystallography by
stating that the angle between two faces of the crystal is a constant and
characteristic for the material. Nowadays this is known as the law of constancy
of interfacial angles. These characteristic interfacial angels can be explained
if the crystal structure consists of small building blocks, the unit cells. This
finding was resumed by René-Just Haüy in his law of rational indices, which
says that each face is uniquely determined by three integers. The resulting
three-dimensional periodicity, associated with space-group symmetry was
the foundation for the following years of structural studies. For example
the discovery of the X-ray diffraction patterns by von Laue in 1912 relies
on this theory of periodicity. However, over the years many structures were
encountered which did not fulfil on the periodicity criterion, but instead show
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discrete peaks in the diffraction pattern. In 1927, Dehlinger ascribed these
peaks already to a periodic deformation of the lattice [1]. The main problem
in the correct description seemed to arise from the attempt to index all the
peaks with only three integers. Brouns et al. were in 1964 the first to index
additional satellite reflections by introducing a fourth index, for which the
corresponding direction does not coincide with any set of lattice planes of the
main lattice [2]. It became clear that translational symmetry is not the only
way to achieve crystalline order and alternatives can be incommensurately
modulated crystals, incommensurate composite crystals and quasi crystals.




Modulations in crystals can be displacive as well as occupational or a com-
bination of both. For displacive modulations the atoms are shifted from
their original main position, whereas for occupational modulations atoms
are replaced by different types of atoms or vacancies. These modulations
are not arbitrary, they exhibit their own periodicity different from the basic
structure and the positions of the atoms are given by atomic modulation
functions (AMF), rather than by single points. These functions can be both
continuous, described by a sinus/cosinus, or discontinuous, with the need
for step-functions (crenel functions) for a proper description. A complete
description of the modulated structure is obtained by the atomic positions
in the basic structure together with the modulation vector(s). The ratio of
the periodicity of the basic structure and the periodicity of the modulation
function is crucial for the further determination of the structure. If this ratio
is a rational number, the structure is commensurately modulated. If it is
an irrational number, the structure is incommensurately modulated. Be-
cause of its periodicity, the modulation gives rise to extra reflections in the
diffraction pattern, however with a lower intensity than the main reflections
Modulated structures | 51
(see Fig. 2.1 a) and b)). These are the so-called satellite reflections. Despite
their periodicity, the satellite reflections cannot be indexed with the same
reciprocal lattice vectors of the main reflections and a different approach is
needed. The diffraction patterns with main and satellite reflections can be
analysed in three different ways [6]:
• Basic cell and average structure
For this procedure, the satellite reflections are discarded and only the
main reflections are taken into account. The obtained structure is an
average of the contents of several unit cells. This averaging results
often in unrealistic bond lengths and angles and a poor description of
the structure is obtained.
• Supercell and superstructure
In contrast to the previous approach, intensity differences between
the reflections are neglected and the distinction between satellite and
main reflections is dropped. In this way, all reflections are treated
equally and the obtained unit cell is called the supercell. The choice
of this supercell is determined by two conditions: 1) the new unit cell
should have the highest possible symmetry and 2) its volume should
be as small as possible.
• Superspace
The superspace approach is two-fold. First, the main reflections are
used to obtain a basic unit cell. Second, the satellite reflections are in-
dexed with respect to the main reflections. Therefore extra modulation
wave vectors q need to be introduced. The number of wavevectors d
that are needed to index all reflections, determine the dimensionality
of the superspace, referred to as (3+d)-D. This approach has the ad-
vantage that the subcell remains the same as for the non-modulated
structure and that it is applicable to incommensurately modulated
structures.
















Figure 2.1: a) Atomic structure (left) with one type of atoms and its corre-
sponding electron diffraction pattern (right). b) Modulated structure with
two types of atoms (left) and its electron diffraction pattern. One q-vector is
necessary for indexing all reflections. c) One dimensional diffraction pattern
to which the superspace approach is applied.
2.2 Superspace
Superspace in reciprocal space
A crystal is completely described by three basic vectors and the coordinates
of the atoms in the basic cell. The scattering vector of a Bragg reflection is
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given by the reciprocal lattice vector H:
H= h1a∗1 +h2a∗2 +h3a∗3 (2.1)
with hk integers and a∗k the reciprocal basis vectors. If this basic cell is modu-
lated, extra satellite reflections appear and modulation vectors are needed to
index all reflections. The scattering vector is now extended to:
H= h1a∗1 +h2a∗2 +h3a∗3 +h4q (2.2)
The modulation vector q should be expressed with respect to the three basis
vectors in reciprocal space:
q=αa∗1 +βa∗2 +γa∗3 (2.3)
If one of the components α,β,γ is an irrational number, the indexing is
unique and the modulation is incommensurate.
The dimensionality of the modulation is defined by the number of q-vectors
that are needed to index all reflections in the diffraction pattern. If only one
modulation vector is required for a complete indexing, transition to (3+1)-
dimensional superspace should be made, as four independent vectors define
a lattice in four dimensional space. In superspace, the scattering vector Hs
now becomes:
Hs = h1a∗s1+h2a∗s2+h3a∗s3+h4a∗s4 (2.4)
with h4 = 0, ±1,±2,. . . . For h4 = 0, the main reflections are obtained and the
incorporation of the three dimensional physical space holds the correlation
between a∗i and a
∗
si for i = 1, 2, 3. The other values result in the superspace or
satellite reflections, which are denoted as the nth-order satellite reflection [7].
In order to get a grasp of the physical meaning of this superspace, consider
for simplicity q to be parallel with a∗1 , so only α differs from zero. A fourth
coordinate axis is now introduced with unit vector e∗4 , perpendicular to the
three dimensional physical space R*. This means that the components of
a∗si (i = 1, 2, 3) along e
∗
4 are zero, while a
∗
s4 = (q, e
∗
4 ). In Figure 2.1,c the
four dimensions are illustrated by reducing the three dimensional physical
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space R* to one dimension (here coinciding with a∗s1) combined with the
extra vector e∗4 . The fourth reciprocal lattice vector a
∗
s4 is now the linear




4 ). The satellite
reflections, lying along a∗s1 can now be interpreted as the projections of
reflections along a∗s4 onto R
* [6]. For a general modulation vector q=αa∗1 +







a∗s4 = e∗4 +q
(2.5)
Superspace in direct space
The question arises now how this modulation should be interpreted in direct
space. As the link between reciprocal and direct space is given by
a∗sk .ask ′ = δkk ′ (2.6)
the basis vectors of the direct lattice Σs in superspace corresponding to the








Consider a structure with one atom in the basic unit cell (Fig. 2.2, a). On
this atom a displacive modulation is applied along a1 (Fig. 2.2, b). Note that
this shift seems to be random, but is not as this would lead to a completely
disordered structure. The (3+1)D direct space can now be represented by two
vectors, one vector related to the physical space, in this case as1 and a fourth
axis as4 perpendicular to all three dimensions of physical space (a1, a2, a3).
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For q = αa∗1 , as1 is coupled to the physical space via the modulation vector q
as the angle between as1 and a1 is given by :
tan(a1as1)= α|a1| (2.8)
The superspace lattice is now completely defined by the combination of the
translational symmetry in physical space and the modulation wave. Atom 1
should be shifted into the first unit cell, upon applying superspace translation
of -as1. The new position is no longer in physical space, but its distance from
as4 is equal to its displacement from its original position, both indicated by
a red double-headed arrow↔ in Figure 2.2. Similar to atom 1, translational
symmetry can be applied onto atom 2, however with an amplitude of -2as1.
Doing this for all atoms in physical space, each of them obtains a new position
in the first unit cell. The connection of all these atoms results in a string which
is the Atomic Modulation Function (AMF). In three dimensions atoms are
pictured as single points, whereas in (3+D) dimension the AMF becomes
the representation of a single atom. The fourth coordinate of the atom x4 is
obtained by projection along as1.
The AMF has a period of 1 and a phase t can be introduced. The value of t
changes along as4 between 0 ≤ t ≤ 1 and is obtained by projection along R. A
three-dimensional subsection of superspace is now defined by t = constant.
Due to the restored translational symmetry in superspace, intersections t
that differ a lattice translation from each other are equivalent. Therefore, a
lattice translation can always be found such that section t is translated to
section t = 0 and therefore every section t is equivalent to physical space.
The value of a certain geometrical parameter should now be determined for
every value of t between t = 0 and t = 1 in order to obtain all occurring values of
this parameter in the three dimensional crystal structure. In Figure 2.3 this is
illustrated for the distance between two atoms, but this can be done for many
parameters, like site occupancy, bond lengths, distortion parameters,. . . As
an example, in Figure 2.4, the t-plots for a few geometrical parameters of the
Ca0.25Gd0.4Eu0.10.25WO4 structure are shown.







0 1 42 3






Figure 2.2: a) Atomic structure with one atom in the basic cell without
modulation and b) with displacive modulation. c) Interpretation of the














Figure 2.3: Atomic modulation functions with the phase t indicated.
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Figure 2.4: t-plots for the Ca0.25Gd0.4Eu0.10.25WO4 structure: variation of
the Ca/Gd/Eu occupancies (a); A - O bond length (b); W - O bond length (c);
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Chapter 3
Luminescent spectroscopy
3.1 Steady state photoluminescence spectra
Steady state photoluminescence measurements are performed with an Edin-
burgh Instruments fluorescence spectrometer (FS920). As excitation source a
Xenon arc lamp which can excite the samples between 250 to 900nm, is used.
With a double grating monochromator, radiation with a specific wavelength
and bandwidth is focused on the material. The emitted light of the sample
under investigation is then directed towards the emission monochromator
which focuses the light onto the detector. For the wavelength range from
200nm to 800nm a photomultiplier tube is used. This detector is cooled by a
Peltier-element and is designed to operate in single photon counting mode.
With this set-up, high resolution emission and excitation spectra can be ob-
tained. An emission spectrum is performed by choosing a single excitation
wavelength and recording the luminescent output over a certain wavelength
range. By contrast, for a photoluminescence excitation (PLE) spectrum the
excitation wavelength is varied and the emission intensity is monitored at
a fixed wavelength. The PLE spectrum essentially displays the wavelength
dependency of the EQE.
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3.2 Decay measurements


















Figure 3.1: Set-up for decay measurements.
In addition to steady-state spectra, the time dependence of the emission
intensity can provide useful information as well. The decay time depends on
the selection rules for the measured transition and ranges from ∼ 50ns for
Ce3+ for its 5d - 4f parity and spin allowed transition to the ms range for the
trivalent lanthanides due to the parity and spin forbidden 4fn - 4fn transitions.
However, as discussed in Chapter 1, many processes can influence this decay
time. Therefore, a thorough study of the decay behaviour, as function of
excitation wavelength or temperature, can provide valuable information on
energy transfer processes.
Decay measurements or time resolved measurements are performed with the
set-up as depicted in Figure 3.1. The light of a pulsed excitation source is split
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in order to simultaneously excite the material and illuminate a photodiode.
The latter is connected with the Andor iStar intensified CCD detector and
triggers the detector at each light pulse. At the same time, the light emitted
by the phosphor falls onto the monochromator that spatially separates the
spectrum before reaching the CCD detector. The microchannel plate provid-
ing the intensified image is electrically switched on and off with a minimum
time of 3ns and full spectra can be recorded during the decay.
Principle of decay measurements
Time after excitation (μs)




















Figure 3.2: Principle of the decay measurement using a CCD detector.
Although the CCD detector is able to record the entire emission spectrum
of a phosphor in a single measurement, it is not fast enough to measure
multiple times during the decay of a phosphor’s luminescence after a single
excitation pulse. Therefore, we apply the following technique (see Fig. 3.2).
The sample is excited by a series of excitation pulses, simultaneously with
the triggering of the CCD detector. Each trigger is defined as time zero and
for every new trigger, the delay before opening the electronic shutter and
starting the recording, is increased. In this way, the spectrum is sampled after
an increasingly longer duration after the excitation pulse and the complete
decay profile of the emission (spectrum and intensity) can be reconstructed,
as can be seen in the figure. The width, or integration time, as indicated
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in Figure 3.2, corresponds with the period of time for which the shutter is
open and photons are recorded. This time window can be chosen freely and
can be varied during the measurement in order to preserve a satisfactory
signal-to-noise ratio along the complete profile.
A major advantage of this technique is the received full spectral information.
For some materials, different centres contribute to the emission spectrum
each with their own decay profile. If the time dependence of the intensity at
only one wavelength is monitored, distinguishing between these different
contribution is very hard. By recording the full spectra as a function of time,
changes in the shape of the spectrum are easily observed. Especially for
trivalent lanthanides, where transitions corresponding to different emitting
multiplets have in any case different decay constants or different sites in-
duce small changes in the multiplet splitting, this largely facilitates the full
description of the different decay profiles.
Excitation source
Different light sources can be used to excite the material, depending on the
specific requirements, each with their own (dis)advantages.
• Nitrogen laser (λexc = 337nm, pulse time < 1ns). A major advantage
of the use of this laser is its high intensity. As during the decay mea-
surements each time only a fraction of the total emission intensity
is measured (defined by the chosen time window), this can be dra-
matically low for phosphors with a low quantum efficiency. Intense
excitation sources are then essential. In addition, due to the short pulse
time, decay profiles with a small decay constant can be measured. The
main drawbacks are the fixed excitation wavelength at 337nm, which
is not always suitable, and the relatively slow pulse frequency of a few
Hz which slows down the measurements strongly.
• Dye laser: By combining the above-mentioned laser with an organic
dye, the problem of the single wavelength can be partially overcome.
These dyes typically contain large organic molecules that absorb the UV
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light of the laser and convert it to longer wavelengths. Many different
types exist, each with their own wavelength range. Emission bands of
these dyes are usually broad and should be combined with a prism
system to extract the desired wavelength. With the use of a dye the
intensity of the single nitrogen laser somewhat decreases.
• Pulsed LED Next to the laser-type excitation sources, a LED can be
used as well. The main advantage is the fast pulse frequency (several
kHz) that can be obtained which reduces strongly the measurement
time. Many different LEDs are available, so there is hardly any restric-
tion on the excitation wavelength. As the emission of a LED itself shows
a decay of the order of 50ns, it is not suitable for the detection of very
fast decay profiles like for example Ce3+. In addition, the relatively low
intensity limits its use to sufficiently efficient phosphors.
3.3 Temperature dependent measurements
Temperature dependent measurements can be performed by combining the
above set-ups with an Oxford Instruments® Optistat CF cryostat. The sample
can be cooled to ± 75K or ± 4K, if liquid nitrogen or liquid helium is used as
cooling medium respectively. Additionally, the sample can be heated up to ±
475K.
3.4 Thermometry
An infrared camera is capable of measuring the temperature of an object in
a contactless way. The principle is based on the fact that every object at a
certain temperature emits infrared radiation. The infrared band is situated
in between the visible and microwave part of the electromagnetic spectrum
and runs from 0.75µm to 100µm. Apart from the radiation of the object,
the emissivity of an object, the radiation from the surroundings and the
absorption by the atmosphere will influence the measurements and should
be taken into account in order to obtain reliable temperatures.
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The spectral distribution of the radiation of a black body, capable of absorbing





where c is the speed of light, h the Planck constant and k the Boltzmann con-
stant. The spectrum depends only on its temperature and the wavelength at
which the maximum emittance is obtained for each temperature is received




which is known as the Wien displacement law.
A blackbody radiator appears no longer black if it has temperature higher
than ∼ 520◦C and the color varies from red to orange and blue upon further
increasing temperature. The total radiant emittance of a black body is given
by:
Wb =σT 4 (3.3)
which is the Stefan-Boltzmann law with σ≈ 5,67.10−8 W/(m2K4) .
A black body emits at every frequency the maximum possible energy for its
specific temperature. Of course, most of the objects we encounter in real
life are no black body radiators and three factors should be considered to
described the interaction of the material with light:
• spectral absorbance αλ
• spectral reflectance ρλ
• spectral transmittance τλ
If we only consider opaque materials, so τλ = 0, we have that:
αλ+ρλ = 1 (3.4)
In thermometry, one of the most important parameters is the emissivity, ²λ,
of the material and refers to the effectiveness of the material in emitting
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energy as thermal radiation. In general it is defined by the ratio between the
radiant power of the investigated material (Wλ0) as compared to the radiant





The higher the reflectivity of the material, the lower its emissivity will be:
αλ = ²λ (3.6)
In general, objects have emissivity values between 0.1 and 0.95, but mirror
surfaces can have emissivities even below this lower limit. Assigning a correct
value of the emissivity of a surface is necessary as a too high emissivity will
lead to an underestimation of the materials temperature. Apart from the
radiation emitted by the object of interest, radiation of surrounding objects
reflected by the object will be collected by the camera as well. In addition, the
atmosphere can contribute to the collected radiation and can attenuate the
emitted radiation by the object. All these factors should be considered when
performing temperature measurements with an IR-camera. In this work, a
FLIR A35sc camera is used with a 320× 256 pixel format and a frame rate of 60
Hz. The spectral range of the camera is from 7.5 to 13µm and the temperature
range lies between -40 and 550◦C. Data acquisition and analysis is done by
the FLIR ReasearchIR software. This software allows simple recording of files
and movies measured by the IR camera. For every measurement, values for
the emissivity, reflected temperature and atmospheric temperature should
be given as input. In this work, the recorded files are saved as *.mat files and
further processed in MATLAB.




Figure 3.3: Temperature measurement with a FLIR A35sc infrared camera.
Chapter 4
CaGd2(1-x)Eu2x(BO4)4 (B = W, Mo)
The results described in this chapter were published in:
Incommensurate Modulation and Luminescence in the
CaGd2(1-x)Eu2x(MoO4)4(1-y)(WO4)4y (0≤x≤1, 0≤y≤1) Red Phos-
phors
Vladimir A. Morozov, Anne Bertha, Philip Pattison, Katrien W.
Meert, Senne Van Rompaey, Dmitry Batuk, Gerardo T. Martinez,
Sandra Van Aert, Philippe F. Smet, Maria V. Raskina, Dirk Poelman,
Artem M. Abakumov and Joke Hadermann
Chemistry of Materials 25 (2013) 4378-4395
The luminescent properties were investigated by myself at LumiLab,
Ghent University. The synthesis of the materials was done at the Moscow
State University and the structural properties were investigated by the
EMAT research group of the University of Antwerp. Selected results on
the crystallographic structure are reproduced here.
In this chapter, the creation and ordering of A-cation vacancies and the effect
of cation substitutions in the scheelite-type framework are investigated as
a factor for controlling the scheelite-type structure and luminescent prop-
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erties. CaGd2(1-x)Eu2x(BO4)4 (0 ≤ x ≤ 1, B = Mo, W,  = cation vacancy)
solid solutions with scheelite-type structure were synthesized by a solid state
method. Their structures were investigated using a combination of trans-
mission electron microscopy techniques and powder X-ray diffraction and
it is shown that the CaGd2-xEux(MoO4)4(1-y)(WO4)4y(0≤ x ≤ 1, 0 ≤ y ≤ 1)
scheelite-type solid solutions possess incommensurately modulated crystal
structures, although in literature they were reported as having a disordered
scheelite structure. For this model, the incommensurate modulation can be
monitored as function of the replacement of the smaller Gd3+ (r = 1.053Å, co-
ordination number (CN) = 8) by the larger Eu3+ (r = 1.066Å, CN = 8), without
changing the number of vacancies due to this isovalent cation replacement.
All compounds’ luminescent properties were measured, and the optical prop-
erties were related to the structural properties of the materials.
4.1 Experimental
Materials and Sample Preparation: CaGd2(1-x)Eu2x(MoO4)4(1-y)(WO4)4y (0≤
x ≤ 1, 0 ≤ y ≤ 1) (CGEMW) solid solutions were synthesized by a solid
state reaction from a stoichiometric mixture of CaEu2(MoO4)4 (CEM) and
CaGd2(MoO4)4 (CGM), CaEu2(WO4)4 (CEW) and CaGd2(WO4)4 (CGW), re-
spectively. The CEM and CGM were prepared by heating stoichiometric
amounts of CaCO3 (99.99%), MoO3 (99.99%), Eu2O3 (99.99%) and Gd2O3
(99.99%) at 823K for 10 h followed by annealing at 1023K for 96 h in air. The
CEW and CGW were prepared by heating stoichiometric amounts of CaCO3,
WO3 (99.99%), Eu2O3 and Gd2O3 at 823K for 10 h followed by annealing
at 1203K for 96 h. Stoichiometric amounts of CEM, CEW, CGM and CGW
were mixed in proportions corresponding to the required x and y values in
CGEMW formula and annealed at 1023K for pure molybdates and at 1203 K
for tungsten-containing solid solutions.
Characterization: The cation composition of the CaR2(BO4)4 (R = Eu, Gd;
B= Mo, W) compounds was determined by energy-dispersive X-ray spectrom-
etry (EDX) using a Jeol JEM-5510 scanning electron microscope equipped
with an EDX spectrometer (Oxford Instruments). Powder X-ray diffraction
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(PXRD) patterns were collected on a Thermo ARL X’TRA powder diffractome-
ter (CuKα radiation, λ = 1.5418Å, Bragg-Brentano geometry, Peltier-cooled
CCD detector). PXRD data were collected at room temperature over the 5 ◦-
65 ◦ 2θ range with steps of 0.02 ◦. To determine the lattice parameters, Le
Bail decomposition was applied using the JANA2006 software [1–3]. Selected
area electron diffraction (SAED) and precession electron diffraction (PED)
patterns were recorded on a CCD camera with a Philips CM20 transmission
electron microscope operating at 200 kV. The PED patterns were generated
using a Spinning Star precession attachment. All PED patterns were recorded
with a precession angle of 2.5 ◦. The intensities of the recorded reflections
were extracted using the IDEA software, developed by the EMAT research
group (Antwerp University), using a pixel summation procedure [4]. The
structure refinement was performed using the JANA2006 software [2, 3]. High
resolution high angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) images were obtained at 300 kV on a FEI Titan
50-80 microscope equipped with a probe aberration corrector. Theoretical
HAADF-STEM images were calculated using the STEMsim software [5].
Luminescent properties: Luminescence emission and excitation spectra
were obtained with a FS920 spectrometer (Edinburgh Instruments), using
a 450W xenon light source, double excitation monochromator and a R928P
photomultiplier connected to the emission monochromator. Photolumi-
nescence spectra of all samples were measured under the same conditions.
All measurements were performed at room temperature and corrected for
the sensitivity of the spectrometer. Decay profiles were collected using an
Andor-intensified CCD (Andor DH720) connected to a 500mm spectrograph,
combined with a dye laser as excitation source.
4.2 Results
4.2.1 Preliminary characterization
PXRD patterns of CaGd2(1-x)Eu2x(MoO4)4(1-y)(WO4)4y solid solutions revealed
formation of the scheelite-type structure with a body-centered tetragonal
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scheelite-type subcell (space group I41/a) in the 0 ≤ x ≤ 1, 0 ≤ y ≤ 0.5 com-
positional range and the monoclinically distorted scheelite-type subcell for
0.75 ≤ y ≤ 1. The onset of the monoclinic distortion is clearly observed in
the PXRD patterns of the y = 0.75 CaGd0.5Eu1.5(MoO4)4(1-y)(WO4)4y compo-
sitions by the increased broadening of the 112/103, 312/303 and 224/107
reflections (Fig. 4.1a, b). At y =1 a pronounced splitting of these reflections
becomes evident. Substitution of Gd3+ (r = 1.053Å, CN = 8) by Eu3+ (r =
1.066Å, CN = 8) leads to an increasing unit cell volume, whereas the Mo6+
- W6+ substitution only weakly influences the lattice parameters due to the
similarity of the ionic radii of these cations in tetrahedral coordination en-
vironment (r(Mo6+) = 0.41Å, r(W6+) = 0.42Å) [6]. Besides the reflections of
the scheelite subcell, weaker reflections are visible in the PXRD patterns
(Fig. 4.1) of all CGEMW solid solutions. Taking into account a well-known
tendency of the cation-deficient scheelites to form modulated structures due
to cation-vacancy ordering, TEM investigation was undertaken to clarify the
nature of these extra reflections [7–10].
Figure 4.1: PXRD patterns of CaGd0.5Eu1.5(MoO4)4(1-y)(WO4)4y solid solu-
tions: y = 0 (1), 0.25 (2), 0.5 (3), 0.75 (4), 1 (5). Parts of XPRD pattern over the
27.5 ◦- 29.5 ◦ (a) and 56 ◦- 61 ◦ 2θ ranges (b) are shown as an insert.
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4.2.2 Electron diffraction
Representative [001] and [100] ED patterns of CEM and CEW are shown in
Figure 4.2. All strong reflections in these patterns correspond to the scheelite-
type subcell with the unit cell parameters determined from PXRD data. The
[001] ED patterns of CEM (Fig. 4.2a), CGM and all molybdenum-based solid
solutions are very similar to those reported previously for Na2/7Gd4/7MoO4
with the (3+2)-dimensional ((3+2)D) incommensurately modulated structure
[8]. Indexing of the ED patterns requires five hklmn indexes given by diffrac-
tion vector H = ha* + kb* + lc* + mq1+ nq2, with modulation vectors q1 ≈
0.54a* + 0.82b* and q2 ≈ -0.82a* + 0.54b* (Fig. 4.2 and Fig. 4.3). The q1 and q2
vectors are symmetrically dependent according to the tetragonal symmetry
of the underlying basic scheelite structure for these compositions. The com-
ponents of the modulation vectors do not depend significantly on the cation
composition: for example, for the CaGd2(1-x)Eu2x(MoO4)4 (CGEM) series the
modulation vectors are q1 = 0.542(8)a* + 0.818(2)b* and q2 = -0.818(2)a* +
0.542(8)b*, as determined from the ED patterns. The hklmn: h + k + l = 2n
and hk0mn: h, k = 2n reflection conditions (Fig. 4.3) are in agreement with
the space group I41/a for the basic structure. The 00l: l 6= 4n reflections
visible in the [100] ED pattern can be attributed to multiple diffraction. No
reflection conditions are imposed on the m and n indexes suggesting the
(3+2)D superspace group I41/a(α,β,0)00(-β,α,0)00 (88.2.59.1 in the Stokes -
Campbell - van Smaalen notations) [11]. The [001] ED patterns of CEW (Fig.
4.2b), CGW and all tungsten-based solid solutions are very similar to those
reported previously for Ag1/8Pr5/8MoO4 with a (3+1)D incommensurately
modulated structure and require a single modulation vector with two irra-
tional components to index all satellite reflections [7]. The ED patterns for
the (3+1)D modulated CGEW solid solutions can be described with compo-
sitionally independent average modulation vector q = 0.58(2) a*-1.221(8)b*.
The reflection conditions hklmn: h + k + l = 2n and hk0mn: h, k = 2n are in
agreement with the (3+1)D superspace group I2/b(α,β,0)00 (15.1.4.1 in the in
the Stokes - Campbell - van Smaalen notations, B2/b(α,β,0)00 in a standard
setting) [11]. The modulation vectors measured from the ED patterns were
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verified by a Le Bail fit of the PXRD pattern of CEM and CEW. Although only
a few satellites were observed on the PXRD patterns, they were sufficient to
refine the components of the modulation vectors. The q1 = 0.55255(9)a* +
0.8229(1)b* and q2 = -0.8229(1)a* + 0.55255(9)b* vectors were obtained for
CEM, whereas for CEW the q = 0.5615(3) a*-1.2291(4)b* vector was refined.
Figure 4.2: Comparison between [001] ED patterns of CaEu2(BO4)4 (B= Mo
(a), W(b)).
Figure 4.3: Close-up of the [001] ED pattern of CaGd2(MoO4)4 to clarify the
indexation. The hk00n, hk0m0 and hk0mn satellites are marked (from left
to right).
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4.2.3 CaEu2(WO4)4 structure solution from precession electron
diffraction data
A crystal structure model for CEW was determined and refined using pre-
cession electron diffraction (PED) data. Because of the experimental setup
in PED, the dynamical effects influencing the relative intensities of the re-
flections on electron diffraction patterns are drastically suppressed. The
measured intensities can therefore be used in structure refinement using a
kinematical approximation [12]. The ordering of Ca, Eu and vacancies in CEW
can be modeled using step-like (crenel) occupational modulation functions
[13]. According to the chemical composition, the overall width of the crenel
domain for Ca, Eu and vacancies should be 1/4, 1/2 and 1/4, respectively. De-
pending on the positioning of the centers of the crenel domains along the a4
axis, several possible structure models can be defined. The best refinement
was achieved using the model where the crenel domain of the vacancies was
situated at x04 = 1/2 and was surrounded by two crenel domains of Ca (x
0
4 =
5/16 and x04 = 11/16; ∆ = 1/8 each) with the crenel domain of Eu centered
at x04 = 0 as it is shown in Fig. 4.4. This strongly simplified model implies
complete ordering of the Ca and Eu cations in the modulated CEW structure.
However, such complete ordering would be unlikely taking into account the
small charge and size difference between the Eu3+ and Ca2+ cations (r(Eu3+)
= 1.066Å, r(Ca2+) = 1.12Å, CN = 8). One can assume that this ordering can be
smoothed by an extra harmonic occupational modulation imposed over the
Ca and Eu crenel domains, as it was implemented earlier in the KSm(MoO4)2
structure [10]. However, this issue cannot be unambiguously resolved using
only the PED data. The limited amount of observed satellites also does not
allow taking into account displacive modulations.
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Figure 4.4: Schematic view of the crenel domains in superspace. The va-
cancies (white) are centered around x04 = 1/2 with ∆ = 1/4. This part of
superspace is surrounded by two crenel domains for Ca (grey). The Eu
domain (blue) is centered around x04 = 0 with ∆ = 1/2.
4.2.4 HAADF-STEM observations
[001] HAADF-STEM images of CEM and CEW are shown in Figure 4.5. HAADF-
STEM images of all CGEM and CGEW solid solutions do not differ signifi-
cantly from the images of CEM and CEW, respectively. On these images
the bright dots represent the projected cationic columns. Along the [001]
direction, the A and B cations are projected on top of each other. On the
HAADF-STEM images the brightness of the dots is related to the average Z of
the atomic column (therefore the oxygen columns are not visible). For the
CEM compound, the HAADF-STEM image (Fig. 4.5a) confirms that it is (3+2)-
dimensionally modulated, and not simply twinned, since the modulation
waves propagate along two perpendicular directions in all observed areas
and both modulation vectors q1 and q2 are clearly present on the Fourier
transforms (not shown). A variation in brightness of the dots on the [001]
HAADF-STEM image of CEW (Fig. 4.5b) is in agreement with the modulation
vector derived from ED patterns. The difference in brightness between the
dots is clearly visible resulting in wavy contrast due to the compositional
modulation. The simulated [001] HAADF-STEM image of CEW was calcu-
lated using a 7a × 9b × 1c commensurate approximant (see insert in Fig.
4.5b). The contrast on the calculated image agrees well with the experimen-
tally observed contrast confirming the correctness of the structure model
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Figure 4.5: [001] HAADF-STEM images of CaEu2(BO4)4 (B= Mo (a), W(b)).
The insert in the bottom figure shows the HAADF-STEM image calculated
using the refined CaEu2(WO4)4 structure for the thickness t = 20nm.
derived from PED data.
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4.2.5 Luminescent properties
Figure 4.6 shows the photoluminescent excitation (PLE) and emission (PL)
spectra of CaGd0.5Eu1.5(MoO4)4(1-y)(WO4)4y (y = 0, 0.25, 0.5, 0.75, 1). The PLE
consists of intraconfigurational 4f6-4f6 transitions of Eu3+ in the 300nm to
470nm region and a broad band in the region from 250nm to 350nm. The
most intense Eu3+ 4f-4f excitations can be attributed to the 7F0 - 5L6 (395nm)
and 7F0 - 5D2 (465nm) transitions. The PLE spectra shown in Figure 4.6 are
representative for all CaGd2(1-x)Eu2x(BO4)4 (B = W, Mo ; x = 0.01 , 0.05, 0.10,
0.25, 0.5, 0.75, 1) solid solutions as far as the Eu3+-related peaks are concerned,
but differ in the broad excitation bands at short wavelength. Moreover, for the
CGEW samples three extra Eu3+ peaks are observed in the region from 300nm
to 350nm. The PL spectrum of CaGd0.5Eu1.5(MoO4)4(1-y)(WO4)4y shows the
typical red emission features of Eu3+, including 5D0 → 7FJ (J = 0, 1, 2,3 and
4) (Fig. 4.7) emissions. The dependence of the 5D0 and 5D1 emission on the
Eu3+ concentration is investigated and illustrated in Figure 4.8. The lifetimes
of the emission were determined upon excitation at 385nm with a dye laser
(Fig. 4.9). The 5D0 emission of CaGd0.5Eu1.5(MoO4)4 exhibits a faster decay
(τ = 320µs) than the tungstate opponent (τ = 400µs) and for intermediate y


































Figure 4.6: Excitation (λem = 611nm) (left) and emission spectrum (λexc =
300nm) (right) of CaGd0.5Eu1.5(MoO4)4(1-y)(WO4)4y for y = 0; 0.25; 0.5; 0.75;
1.
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Figure 4.7: Emission spectra for CaEu2(WO4)4 upon excitation into the CT


























Figure 4.8: Dependence of the 5D0-7F2 intensity and the 5D1/5D0 emission
ratio on the Eu concentration in CaGd2(1-x)Eu2x(BO4)4 after excitation at
300nm. The circles refer to B = Mo, the triangles to B = W. The connecting
lines are a guide to the eye.
4.3 Discussion
In contrast to the structures reported in literature for CEM, CGM and CGEM
solid solutions, we demonstrated that these compounds as well as their
W-based analogues are not disordered scheelites, but incommensurately
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Figure 4.9: Decay profiles (λexc = 385nm) of the 5D0 emission of the com-
pounds CaGd0.5Eu1.5(MoO4)4(1-y)(WO4)4y for y = 0; 0.5; 1.
modulated structures due to ordering of the A cations and vacancies [14].
CGEMW solid solutions have either the tetragonal scheelite structure (0≤ y≤
0.5) which is (3+2)D modulated or the monoclinically distorted scheelite-type
structure (0.75 ≤ y ≤ 1), which is (3+1)D modulated. The cation and vacancy
ordering in (3+1)D-modulated monoclinic CEW structure is demonstrated
in Figure 4.10, showing the 7a × 9b × 1c commensurate approximant with
the P11a symmetry corresponding to a general t-section. The prominent
structural motif is formed by columns of the A-site vacancies running along
the c axis. The vacant columns are grouped into ”dimers” (marked in orange)
and ”trimers” (marked in yellow) along the [110] direction of the scheelite
subcell. This pattern of ordered A cations and vacancies is typical for A-
site deficient modulated scheelites and has been observed earlier in the
NaxEu(2-x)/3(1−2x)/3MoO4 (0.015 ≤ x ≤ 1/4) phases and Bi2(MoO4)3 [15, 16].
The ordering of cation vacancies in R2/31/3BO4 (R= rare-earth elements,
B = W, Mo) compounds with the scheelite-type structure depends on the
kind of R and B elements in the cation sublattice [16–23]. Ordering of cation
vacancies along the [110] direction such as in the CEW structure was observed
before in layers of R2/31/3BO4 compounds with Eu2(WO4)3 scheelite-type
structure, while vacancies ordered along the [100] direction occurred in the
La2(MoO4)3 structure [22].
The CGEMW solid solutions demonstrate interesting trends in changing their
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modulated structures upon the Gd-Eu and Mo-W substitutions. These solid
solutions can be considered as a model system where the incommensurate
modulation can be monitored as a function of cation size while the amount
of the cation vacancies and the average cation charge at the A and B sublat-
tices remain constant upon the isovalent cation replacement. Surprisingly,
replacement of the smaller Gd3+ (r = 1.053Å, CN = 8) by the larger Eu3+ (r =
1.066Å, CN = 8) at the A sublattice does not affect the nature of the incom-
mensurate modulation, although this sublattice is directly affected by the
cation-vacancy ordering. In contrast, an increasing replacement of Mo6+ by
W6+ switches the modulation from the (3+2)D to the (3+1)D regime. This
fact becomes even more astonishing if one takes into account that the Mo6+
and W6+ cations have almost identical ionic radii (r(Mo6+) = 0.41Å, r(W6+) =
0.42Å). Thus, the charge and/or size difference cannot be a driving force for
this switching. One can speculate that the different behavior of the Mo6+ and
W6+ cations could originate from their different electronegativity and, hence,
the tendency to form covalent bonding with oxygen [24].
Concerning the luminescence spectra, in Figure 4.6 we can clearly distin-
guish two broad bands for the CGEM samples while we observe only one
for the CGEW samples. For the latter, the broad band centered at 285nm
can presumably be ascribed to a charge transfer (CT) from the 2p orbital of
oxygen to the 3d orbital of tungsten inside the WO 2 –4 group [25, 26]. For the
CGEM samples there is in addition to the O2 – - Mo6+ CT band (being due
to an electron transfer from the oxygen to molybdenum inside the MoO 2 –4
groups), an extra O2 – - Eu3+ CT band [14]. This shift in band edge upon
increasing molybdenum concentration was also observed by Neeraj et al.
for the series NaGd(WO4)2-x(MoO4)x : Eu
3+ and by Cao et al. for the solid
solutions Ca0.54Sr0.22Eu0.08A0.080.08(MoO4)x(WO4)1-x (A = La, Sm) [27–29].
In the longer wavelength range we observe the 7F0 - 5L6 (395nm) and 7F0 -
5D2 (465nm) transitions.
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Figure 4.10: a) WO4 tetrahedra, Eu and Ca cations view of the CaEu2(WO4)4
structure. Red frame shows 7a × 9b × 1c commensurate approximant. b)
Outline of cation-vacancy ordering in the CaEu2(WO4)4 structure. WO4
tetrahedra are not shown. The dimers (marked in orange) and trimers
(marked in yellow) of the vacant cationic columns are marked with red
rectangles.
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For all the samples, the shape of the emission spectrum is almost identical for
all europium concentrations. No additional peaks or shifts in peak positions
are observed, only the relative intensity changes. Although the emission
wavelengths of these 4f-4f transitions are only moderately influenced by
the environment of the lanthanide ions, it is possible to make a correlation
between the spectrum on the one hand and the symmetry of the site on
the other hand. ABO4 scheelites with the tetragonal symmetry (space group
I41/a) have C4h as 3D point group. The monoclinic distortion of the scheelite-
type structure leads to changing the 3D point symmetry from C4h to C2h.
As a result, the Ca2+ cations, and thus also the Eu3+ cations, occupy a site
with at most C2 site symmetry. The lack of inversion symmetry induces
the high intensity of the hypersensitive 5D0 → 7F2 transition (611nm). By
contrast, the intensity of the 5D0 → 7F1 transition transition (590nm) is hardly
dependent on the surroundings of the luminescent ion due to its magnetic
dipole character as discussed in Chapter 1. As a consequence, the ratio of
both (5D0 → 7F2 transition/5D0 → 7F1 transition) is often referred to as the
asymmetry ratio [30]. For CaGd0.5Eu1.5(MoO4)4(1-y)(WO4)4y the values for
this ratio vary from 9.93 for y = 0 to 7.62 for y = 1, which is in line with values
reported for other scheelite-based materials [31]. Based on these values,
one can expect a higher symmetry (less distortion from inversion symmetry)
for the Eu coordination environment in the W-based samples than in the
Mo-based samples, which contradicts at first glance with the higher crystal
symmetry of the Mo-based compounds. However, in the real modulated
structure the effective symmetry of the coordination environment depends
on the behaviour of displacive modulation functions describing the positions
of Eu and O atoms.
Another consequence of the C2 symmetry, is the threefold splitting of the 5D0
→ 7F1 and 5D1 → 7F0 transitions, which can be observed in Figure 4.7. The
expected fivefold splitting of the 5D0 → 7F2 transition transition is probably
too small to resolve, or involves overlapping peaks. Special attention can be
given to the 5D0 → 7F0 transition at 580nm. Since this transition is forbidden,
both for electric and magnetic dipole interactions, the intensity can be very
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low or even non-observable. Yet, for C2 symmetry the transition is induced,
so a peak can be expected at that position. Since we observe only one peak,
the local environment of the Eu3+ ions probably remains virtually the same
over the whole crystal, being 8 oxygen atoms at an average distance of 2.53Å
[32]. However, one should be careful with this statement as for many site
symmetries this transition is forbidden and thus experimentally not observed.
Only when more than one line is observed, one can safely conclude that more
than one non-equivalent site is available in the material.
In Figure 4.8 the dependence of the 5D0 → 7F2 transition and the 5D1/5D0
emission on the concentration of Eu3+ in CaGd2(1-x)Eu2x(BO4)4 (B= Mo, W) is
illustrated. As can be seen, the intensity of the 5D0 → 7F2 transition reaches
a maximum for x = 0.5. Beyond that, increasing the concentration does not
lead to an increase of intensity anymore. This high optimum concentration
is not a surprise, as there are many scheelite-based materials for which
similar high concentration quenching, or even no concentration quenching
at all is reported [33, 34]. High concentration quenching might be related
to relatively large Eu-Eu distances, which can be estimated as varying in the
range of 3.68 to 4.01Å in the CEW structure. For both the tungstate and the
molybdate samples, the ratio of the 5D1 to 5D0 emission is rapidly quenched
upon increasing Eu3+ concentration and this quenching can be explained by
the following cross-relaxation process:
5D1(ion1)+ 7F0(ion2)→ 5D0(ion1)+ 7F3(ion2) (4.1)
The dependence of the emission on the excitation wavelength is illustrated
in Figure 4.7. Excitation in the CT band (300nm) does not result in emission
from the 5D2 level while emission from this level appears under direct excita-
tion into the 5L6 level. After excitation in the charge transfer band, relaxation
takes place to the CT minimum. During this relaxation process the 5D2 level
is skipped as no emission from this level is observed. Emission from the
5D1 and 5D0 energy levels are observed meaning that that the cross-over
between these levels and the charge-transfer band have to be more or less in
resonance with the CT minimium [34].
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The recorded lifetimes of the 5D0 emission are in line with previously reported
decay times for similar materials [35–38]. Increasing the Eu3+ concentration
leads to a shortening of the decay time for both y = 1 and y = 0. For CEW
we obtained a decay time of 284µs, which is still relatively long given the
high europium concentration. For these stoichiometric phosphors the non-
radiative decay pathways often dominate, resulting in very fast decay times
and weak or even absent luminescence.
4.4 Conclusions
It can be concluded that the luminescence measurements complement to
a large extent the structural data. The detailed analysis of the Eu3+ 4f6-4f6
multiplets in the emission spectra confirmed the hypothesis that the Eu ions
only occupy one distinct site in the samples, irrespective of the composition.
Nevertheless, the emission intensity ratio (5D0 → 7F2/5D0 → 7F1) revealed a
higher effective symmetry of the coordination environment for the tungstate
samples compared to the molybdates. The decay measurements showed that
concentration quenching occurs for increasing Eu:Gd ratio, but only for high
Eu concentrations. This could be explained by the relatively large distances
between the Eu ions in the crystal.
In contrast to our results, where no structure-luminescence relations are ob-
served upon changing modulation, there are similar scheelite-type materials
were changes in the luminescence are found upon changing modulation
from (3+1)D to (3+2)D. Morozov et al. investigated the NaxEuy(MoO4)z (0.138
< x < 0.5) compounds and observed a peculiar trend in the absolute lumi-
nescence intensities as a function of the Eu3+ concentration [39]. The Eu3+
concentrations (x = 0.2 and x = 0.286) for which (3+2)D incommensurately
modulated domains are found show a drop in emission intensity, whereas in
general an increase in intensity with decreasing Na concentration is observed.
No clear explanation is yet found for this feature.
84 | Chapter 4
4.5 Outro
Next to the results shown in this Chapter, the model of the occupancy mod-
ulation was further refined based on synchrotron XRD [40]. A harmonic
modulation with cation/vacancy ordering and no Ca/Eu ordering provided
better results than the initially postulated step-like function. In addition, it
was demonstrated that the MoO 2 –4 and WO
2 –
4 tetrahedra possess a flexible
geometry with strongly varying metal-oxygen distances and bond angles.
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Chapter 5
R2-xEux(MoO4)3 (R = Gd, Sm)
The results described in this chapter were published in:
Crystal Structure and Luminescent Properties of
R2-xEux(MoO4)3 (R = Gd, Sm) Red Phosphors
Vladimir A. Morozov, Maria Raskina, Bogdan I. Lazoryak, Katrien
W. Meert, Katleen Korthout, Philippe F. Smet, Dirk Poelman,
Nicolas Gauquelin, Johan verbeeck, Artem M. Abakumov and Joke
Hadermann
Chemistry of Materials 26 (2014) 7124-7136
The luminescent properties were investigated by myself at LumiLab,
Ghent University. The synthesis of the materials was done at the Moscow
State University and the structural properties were investigated by the
EMAT research group of the University of Antwerp. Selected results on
the crystallographic structure are reproduced here.
In this chapter, the structure and luminescent properties of R2-xEux(MoO4)3
(R = Gd, Sm) solid solutions have been investigated as a function of chemical
composition and preparation conditions. A comprehensive structural study
of the R2(MoO4)3 molybdates was initially reported by Nassau et al. [1]. Later,
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the structural data on different modifications of the R2(MoO4)3 molybdates
were revised and it was shown that the stability of different crystal forms de-
pends on both the rare earth element and the thermal treatment conditions
[2–20]. Generally, these compounds can be divided into two groups, hav-
ing scheelite-type and non-scheelite structures. Among the scheelite-type
R2(MoO4)3 (where indicates a cation vacancy) structures, four variants
are known with random or ordered distribution of the cations and vacancies:
(1) tetragonal (space group (SG) I41/a) [2–5]; (2) monoclinic (SG C2/c) with
the La2(MoO4)3-type structure [6] (3) monoclinic (SG C2/c) [7–11], with the
Eu2(WO4)3-type structure (usually termedα-phases) (Fig. 5.1a); and (4) mon-
oclinic with the incommensurately modulated Pr2(MoO4)3-type structure
(superspace group (SSG) I2/b(αβ0)00 [12]. The ordering of cation vacancies
in the scheelite-type R2(MoO4)3 compounds depends on the R element.
Layered ordering of cation vacancies along the [110] direction of the scheelite-
type sublattice was observed in R2(MoO4)3 (R = Eu, Sm) compounds with
the Eu2(WO4)3-type structure, whereas ordering of vacancies along the [100]
direction of the scheelite-type sublattice occurs in the La2(MoO4)3-type struc-
tures. Among the non-scheelite structures, three types can be selected: (1)
ferroelectric-ferroelastic orthorhombic β’- phases (SG Pba2) (Fig. 5.1b); (2)
paraelectric-paraelastic β-phases (SG P4¯21m) (Fig. 5.1c); and (3) orthorhom-
bic phases (SG Pbcn) with the Sc2(WO4)3-type structure (Fig. 5.1d) [1, 13–21].
Here, monoclinic (α) and orthorhombic (β’) R2-xEux(MoO4)3 (R = Gd, Sm;
0 ≤ x ≤ 2) modifications were prepared by solid-state reaction, and their
structures were investigated using synchrotron powder X-ray diffraction
and transmission electron microscopy. The pure orthorhombic β’-phases
could be synthesized only by quenching from high temperature to room
temperature for Gd2-xEux(MoO4)3 in the Eu
3+- rich part (x > 1) and for all
Sm2-xEux(MoO4)3 solid solutions. The transformation from the α-phase to
the β’-phase results in a notable increase (∼ 24%) of the unit cell volume
for all R2-xEux(MoO4)3 (R = Sm, Gd) solid solutions. The luminescent prop-
erties of all R2-xEux(MoO4)3 (R = Gd, Sm; 0 ≤ x ≤ 2) solid solutions were
measured, and the effect of the substitution of Gd3+ and Sm3+ by Eu3+ on the
photoluminescent properties is investigated and discussed.
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Figure 5.1: Polyhedral view of: (a) monoclinic C2/c distorted scheelite-type
structure of Eu2(WO4)3; (b) orthorhombic Pba2 structure ofβ’-Gd2(MoO4)3;
(c) tetragonal P4¯21m structure of β-Gd2(MoO4)3; (d) orthorhombic Pbcn
structure of Sc2(WO4)3; (e) [R2O12]n chains formed [R2O14] dimers in
Eu2(WO4)3-type structure; (f) [R(1)2O12] dimers in β’-Gd2(MoO4)3-type
structure.
5.1 Experimental
Materials and Sample Preparation: α-R2(MoO4)3 (R = Eu, Gd, Sm) were
synthesized by heating stoichiometric amounts of Gd2O3 (99.99%), Eu2O3
(99.99%), Sm2O3 (99.99%) and MoO3 (99.99%) at 823K for 10 h followed by
annealing at 1023K for 96 h [22, 23] in accordance with Guo et al.. The mono-
clinicα-R2-xEux(MoO4)3 (R= Gd, Sm; 0≤ x≤ 2) solid solutions were prepared
by solid-state synthesis at 1023K for 48h in air from stoichiometric mixtures
of α-R2(MoO4)3 (R = Eu, Gd, Sm). For the preparation of the orthorhombic
β’-R2-xEux(MoO4)3 (R = Gd, Sm; 0 ≤ x ≤ 2) solid solutions the corresponding
α-R2-xEux(MoO4)3 molybdates were heated at 1293K for 24h followed by
cooling under two different conditions: (1) by furnace cooling from 1293K to
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room temperature (TR) and (2) by quenching from high temperature to TR.
Characterization: The second harmonic generation (SHG) response of the
powder samples was measured with a Q-switched YAG:Nd laser at λω =
1064nm in reflection mode. The experimental setup has been described else-
where [24]. The intensities of the SHG signal (I2ω) from the sample and that
from a reference sample (polycrystalline α-SiO2 with 3-5 µm particles size)
were registered. Powder X-ray diffraction (PXRD) patterns were collected
on a Huber G670 Guinier diffractometer (Cu Kα1 radiation, curved Ge(111)
monochromator, transmission mode, image plate). PXRD data were collected
at TR over the 4 ◦- 100 ◦ 2θ range with a step of 0.01 ◦. To determine the lattice
parameters, Le Bail decomposition was applied using the JANA2006 software
[25–27]. High-resolution synchrotron X-ray powder diffraction (SXPD) data
were collected at the ID31 beamline of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) at wavelength λ =0.39996Å in the 2θ range
of 1.002 ◦- 40 ◦. The powder sample was thoroughly ground and placed in a
thin-walled borosilicate glass capillary with an inner diameter of ∼ 0.3mm.
It was spun during the experiment. The SXPD patterns were recorded at
300K. The crystal structures were refined by the Rietveld method in the
JANA2006 package. Selected area electron diffraction (SAED) patterns were
recorded with a Philips CM20 transmission electron microscope operating
at 200kV. High-resolution transmission electron microscopy (HRTEM) and
high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images were obtained with a Tecnai G2 microscope oper-
ating at 200kV. The simulated HAADF-STEM images were calculated using
QSTEM 2.0 software [28].
Luminescent properties: Luminescence emission and excitation spectra
were recorded on an Edinburgh Instruments FS920 fluorescence spectrom-
eter with a monochromated 450 W Xe arc as the excitation source. Decay
profiles were collected using an Andor-intensified CCD (Andor DH720) con-
nected to a 500mm spectrograph, combined with a dye laser as excitation
source. Temperature dependent measurements were performed using an
Oxford Optistat CF cryostat. Extended X-ray absorption fine structure spec-
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troscopy (EXAFS) measurements1 of β’-Sm2-xEux(MoO4)3 solid solutions
were performed for the EuK and the SmK edges at the SNBL (BM01B) beam-
line of the ESRF (Grenoble, France). The spectra were collected in transmis-
sion mode, using a Si (111) double crystal as monochromator, ionization
chambers as detectors. After the collection, the data were reduced using the
Athena software [29].
5.2 Results
5.2.1 PXRD and SHG Characterization
PXRD patterns of R2(MoO4)3 (R = Eu, Gd) and Gd0.5Eu1.5(MoO4)3 prepared
at different heating and cooling conditions are shown in Figures 5.2 and 5.3.
PXRD patterns of R2-xEux(MoO4)3 (R = Gd, Sm; 0 ≤ x ≤ 2) solid solutions pre-
pared at 1023K are similar to the pattern of monoclinic C2/c α-Eu2(MoO4)3.
According to Martinez-Garcia et al., the α-Eu2(MoO4)3 structure can be con-
sidered as a commensurately modulated one with the monoclinic super-
space group I2/b(αβ0)00 and the modulation vector q = 2/3a∗s +2/3b∗s (s
refers to the scheelite-type unit cell) [10]. Substitution of Gd3+ (rVIII = 1.053Å)
by Eu3+ (rVIII = 1.066Å) and substitution of Eu3+ by Sm3+ (rVIII = 1.079Å)
led to an increase in unit cell volume for both α-Gd2-xEux(MoO4)3 and α-
Sm2-xEux(MoO4)3 solid solutions [30]. The absence of SHG signal (<0.02) for
the α-R2(MoO4)3 (R = Eu, Gd) powder samples confirms the centrosymmet-
ric C2/c space group. Huang et al. reported that R2(MoO4)3 (R = Sm, Eu,
Gd) compounds transform from the α-monoclinic to the β’-orthorhombic
form at temperatures above 1232K (Sm), 1182K (Eu) and 1171K (Gd) [3].
As shown in Figure 5.2, increasing the annealing temperature from 1023 to
1293K and slow cooling of Eu2(MoO4)3 from 1293K to TR does not result
in a complete transformation of α-Eu2(MoO4)3 to the β-form, in contrast
to Gd2(MoO4)3. Similar results were obtained for the Sm2(MoO4)3 phase
and all Sm2-xEux(MoO4)3 solid solutions. Slow cooling of Gd2-xEux(MoO4)3
(1 < x ≤ 2) from 1293K to TR leads to a mixture of Gd2-xEux(MoO4)3 solid
1EXAFS data analyses were performed by dr. K. Korthout
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Table 5.1: Crystallographic Data for α-Gd2(MoO4)3 and β’-Eu2(MoO4)3
Solid solutions Preparation method Structure
Gd2-xEux(Mo4)3
0 < x < 2 T = 1023K monoclinic α-phase
0 < x ≤ 1 T = 1293K + slow cooling orthorhombic β’-phase
1 < x ≤ 2 T = 1293K + slow cooling monoclinic α-phase
+ orthorhombic β’-phase
0 ≤ x ≤ 2 T = 1293K + quenching orthorhombic β’-phase
Sm2-xEux(Mo4)3
0 ≤ x ≤ 2 T = 1023K monoclinic α-phase
0 ≤ x ≤ 2 T = 1293K + slow cooling monoclinic α-phase
+ orthorhombic β’-phase
0 ≤ x ≤ 2 T = 1293K + quenching orthorhombic β’-phase
solutions with the monoclinic and orthorhombic structures (Fig. 5.3, Table
5.1). Quenching from high temperature to TR results in the orthorhombic
β’-R2-xEux(MoO4)3 (R = Gd, Sm) solid solutions only. The β’-R2(MoO4)3
(R = Eu, Gd, Sm) powder samples show an SHG response, (I2ω/I2ω(SiO2))
∼53 (Sm), ∼70 (Eu), ∼68 (Gd). These nonzero SHG responses indicate that
all β’-R2(MoO4)3molybdenum oxides adopt the noncentrosymmetric Pba2
structure. The transformation from the α-phase to the β’-phase results in a
notable increase (∼24%) in the unit cell volume for all R2-xEux(MoO4)3 (R =
Sm, Gd) solid solutions. PXRD patterns of β’-R2-xEux(MoO4)3 (R = Gd, Sm;
0 ≤ x ≤ 2) solid solutions prepared at 1293K regardless of the cooling condi-
tions contain reflections of rare earth oxides indicating partial decomposition
of molybdates with the subsequent MoO3 volatilization.
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Figure 5.2: Part of the PXRD patterns of R2(MoO4)3 (R = Eu (a), Gd (b))
prepared at 1023K (1) and at 1293K followed by cooling under two different
conditions: slow cooling (2) and quenching (3). The reflections of R2O3
admixture phases are marked with arrows. Tick marks denote the peak
positions of Bragg reflections for the monoclinic C2/c (α) and orthorhombic
Pba2 (β’) phases.
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Figure 5.3: Part of the PXRD patterns of Gd0.5Eu1.5(MoO4)3 prepared at
1023K (1) and at 1293K (2, 3) followed by cooling under two different condi-
tions: slow cooling (2) and quenching (3). The reflection of the R2O3 phase
is marked with arrow. Tick marks denote the peak positions of possible
Bragg reflections for the monoclinic C2/c (α-) and orthorhombic Pba2 (β’-)
phases.
5.2.2 Electron Diffraction (ED)
The [100], [010], [1¯01], and [001] ED patterns of monoclinic α-Gd2(MoO4)3
are shown in Figure 5.4. These ED patterns can be completely indexed in
the C2/c space group with unit cell parameters determined from PXRD. The
reflections on the [001] ED pattern obey the extinction conditions hk0: h +
k = 2n, indicating the C-centered unit cell. The [100] pattern exhibits 00l: l
6= 2n reflections, forbidden by the C2/c symmetry. Upon tilting the sample
around the 001 reciprocal lattice row the reflections with l 6= 2n weaken and
finally vanish. The appearance of these forbidden reflections is attributed
to multiple diffraction. The 00l: l 6= 2n reflections are absent in the [010]
zone where the conditions for their appearance due to multiple diffraction
are not fulfilled. Thereby α-Gd2(MoO4)3 has the C2/c structure similar to
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Figure 5.4: ED patterns along the main zone axes for the monoclinic α-
Gd2(MoO4)3.
that of other monoclinic α-R2(MoO4)3 (R = Sm, Eu) phases [8, 9, 11]. The
[001], [010], [011] and [110] ED patterns of orthorhombic β’-Eu2(MoO4)3 are
shown in Figure 5.5. The [010] and [011] ED patterns are similar to the [100]
and [101] ED patterns, respectively, due to small differences between the
unit cell parameters a and b. The ED patterns can be completely indexed
in the Pba2 space group using unit cell parameters determined from PXRD.
The [001] and [011] ED patterns exhibit h00: h = 2n + 1 and 0k0: k = 2n +
1 reflections forbidden by the Pba2 symmetry. These reflections disappear
when the crystallite is tilted around the h00 or 0k0 reciprocal rows. These
reflections are therefore due to multiple diffraction.
5.2.3 Crystal Structure
Theα-Gd2(MoO4)3 and β’-Eu2(MoO4)3 crystal structures were refined by the
Rietveld method from SXPD data. Fractional coordinates of α-Eu2(MoO4)3
and β’-Gd2(MoO4)3 were used as initial parameters for the refinements
[8, 11]. Regions containing reflections of Eu2O3 observed on SXPD pat-
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Figure 5.5: ED patterns along the main zone axes for the orthorhombic
β’-Eu2(MoO4)3.
terns of β-Eu2(MoO4)3 were excluded from the refinement. Parts of the
SXPD patterns of α-Gd2(MoO4)3 and β’-Eu2(MoO4)3 are shown in Figure
5.6. The orthorhombic distortion for β’-Eu2(MoO4)3 is clearly observed on
the SXPD pattern due to splitting of the 020 and 200 reflections (Fig. 5.6c),
while this splitting is not obvious on the PXRD pattern (Fig. 5.6d). The α-
Gd2(MoO4)3 structure is similar to that of other monoclinic scheelite-type
α-R2(MoO4)3 phases [7–11]. The substitution of 3 Ca
2+ by 2 Gd3+ cations
in CaMoO4 results in the α-Gd2(MoO4)3 phase, where one-third of the
cation positions is vacant. Cation vacancies are ordered in the structure
along the [110] direction of the scheelite-type sublattice similar to other α-
R2(MoO4)3 phases with the Eu2(WO4)3-type structure. Unlike the CaWO4
scheelite, α-Gd2(MoO4)3 is built up by two types of columns running along
the b-axis (c-axis of scheelite-type subcell): [. . . - GdO8 - MoO4 - . . . ] and [. . . -
 - MoO4 - . . . ]. Two GdO8 polyhedra share common O-O edges and form the
[ Gd2O14 ] dimers (Fig. 5.1e), which in turn form infinite [ Gd2O12 ]nchains.
Gd-O distances in the GdO8 polyhedra vary from 2.352 to 2.414Å. The cation
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Figure 5.6: Parts of experimental, calculated, and difference SPXRD patterns
after Rietveld refinements of α-Gd2(MoO4)3 (a) and β’- Eu2(MoO4)3 (b)
structures.
vacancies reside in the 8-fold cavities with distances from the cavity centers
to the O ligands of 2.35-2.83Å. The β’-Eu2(MoO4)3 structure is similar to
other orthorhombic β’-phases [13, 15, 16, 19]. The α→ β’ phase transfor-
mation changes the coordination polyhedra for the rare earth cations from
RO8 to RO7. Unlike the α-phase with the scheelite-type structure, the β’-
Eu2(MoO4)3 structure does not contain [ Eu2O12] nchains. Eu(2)O7 polyhedra
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Figure 5.7: ac projection of β-Eu2(MoO4)3 structure along b (a) and Mo3O4
layer with vacancies (1 and2) in the structure (b).
in the β’-Eu2(MoO4)3structure share common O atoms only with the MoO4
tetrahedra, while two Eu(1)O7 polyhedra form isolated [ Eu2O12] dimers (Fig.
5.1f). The variation of the Eu-O distances is larger for the Eu(2) position (from
2.228 to 2.440Å) than that for the Eu(1) position (from 2.278Å to 2.45Å). In
accordance with Evdokimov et al. [31], the formula of the β’-phase should
be more correctly written as β’ -R22(MoO4)3. Large cavities are observed in
the β’-phase structure (Fig. 5.7). As shown in Figure 5.1b, the β’-Eu2(MoO4)3
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Table 5.2: Crystallographic Data for α-Gd2(MoO4)3 and β’-Eu2(MoO4)3
formula Gd2(Mo4)3 Eu2(MoO4)3
crystal system monoclinic orthorombic






unit cell volume(Å3) 934.506 1167.827(2)
calc density(g/cm3) 5.64384 4.4561
Z 4 4
color white white
structure contains layers perpendicular to the c-direction, consisting only
of Mo3O4tetrahedra. Single layer of the Mo3O4 tetrahedra alternates with
a [ Eu2Mo2O8 ]n block formed by double layers of MoO4 tetrahedra and Eu
cations. Large cavities are located in the Mo3O4 layers (Fig. 5.7b) corre-
sponding to the location of cation vacancies in the structure. The oxygen
environment of these vacancies (1 and2) can be presented as polyhedra
with CN = 8. The distances between the centers and the O ligands can be
separated into two groups: four short distances (2 × 2.46Å and 2 × 2.62Å for
the1 vacancy; 2 × 2.46Å and 2 × 2.64Å for the2 vacancy) and four long
distances (2 × 3.66Å and 2 × 3.88Å for the 1 vacancy; 2 × 3.70Å and 2 ×
3.87Å for the2 vacancy).
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5.2.4 HRTEM and HAADF-STEM
Figure 5.8: HRTEM images of α-Gd2(MoO4)3 (a), β-Eu2(MoO4)3 (b). Cor-
responding Fourier transforms are shown as insets. as and bs are unit cell
parameters of the monoclinic I2/b scheelite-type subcell. The calculated
images for a defocus value f = -55nm and a thickness t = 8.1nm (a) and f
= 40nm and t = 8.3nm (b) are shown as an inset. Yellow spheres are Mo
positions, blue are Gd positions, red are O positions (a).
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Figure 5.9: [010] HAADF-STEM image ofβ’-Eu2(MoO4)3 (top) and the struc-
tural model (only cations are shown for simplicity) overlay on the experi-
mental HAADF-STEM image (bottom). Yellow spheres are Mo positions,
blue are Eu positions.
HRTEM images of α-Gd2(MoO4)3 and β’-Eu2(MoO4)3 are shown in Figure
5.8. HRTEM observations on the α-Gd2(MoO4)3 distorted scheelite-type
structure were performed along the most informative [010] zone axis re-
lated to the [001] zone axis of the scheelite subcell. In this projection, the
structure of α-Gd2(MoO4)3 can be interpreted in terms of columns of Gd
3+
cations and MoO4 groups (Fig. 5.8a). As confirmed by the image simulation,
dark dots in the [010] image correspond to the projections of the Gd + Mo
cation columns, while the bright dots represent oxygen columns. Less dark
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dots located between two nearest brightest dots correspond to columns of
cation vacancies containing only Mo cations. HRTEM observations on the
orthorhombic β’-Eu2(MoO4)3 structure were performed along the [010] zone
axis (Fig. 5.8b) where the structure of the β’-phase can also be interpreted in
terms of columns of Eu cations and MoO4 groups (Fig. 5.1b). The brighter
dots in the [010] HRTEM image correspond to the weakly scattering regions
of the structure. The Fourier transforms (FT) obtained from the HRTEM
images exhibit reflection distributions similar to those of the ED patterns in
Figures 5.4 and 5.5. The positional parameters obtained from the refinement
of the SXPD data were taken as input to simulate the HRTEM images. The
calculated images for a defocus value f = −55nm and a thickness t = 8.1nm
(a) and f = −40nm and t = 8.3nm (b) are shown as insets and demonstrate
good agreement with the experimentally observed contrast. Figure 5.9 shows
the HAADF-STEM image of β’-Eu2(MoO4)3 taken along the [010] zone axis,
which is the most informative one. On the HAADF-STEM images the bright-
ness of the dots is related to the average Z of the atomic column (therefore
the oxygen columns are not visible). The brighter lines are attributed to the
Eu/Mo layers (ZEu = 63; ZMo = 42). The Mo columns are seen as weak dots.
An ordered alternation of two lines and one layer of weak dots along the c
axis is in agreement with the alternation of the [ Eu2Mo2O8 ]n block and Mo
layer in β’-Eu2(MoO4)3 structure (Fig. 5.7a).
5.2.5 Luminescent Properties
Photoluminescence excitation (PLE) and photoluminescence emission (PL)
spectra of the α- and β’-R2-xEux(MoO4)3 (R = Gd, Sm) (0 ≤ x ≤ 2) phosphors
are shown in Figures 5.10 - 5.12. The PLE spectra for the Eu3+ emission in
α- and β’-R2-xEux(MoO4)3 are shown in Figure 5.10 upon monitoring the
emission at 615 and 614nm (for α and β’, respectively). For both series a
broad band in the short wavelength range and sharp 4f-4f transitions in the
range from 300 to 450nm can be recognized. The corresponding emission
spectra are shown in Figure 5.11 after excitation into the 7F0 → 5L6 transition
of Eu3+ located at 395nm. For both emission spectra the 5D0 → 7F2 induced
electric dipole transition in the 605 - 630nm region is dominant, but clear dif-























Figure 5.10: Normalized PLE spectra of α- (λem = 614nm) and β’- (λem =
615nm) modifications of Gd1.5Eu0.5(MoO4)3. The star indicates the
8S7/2-


































Figure 5.11: PL spectra of α- (λex = 394.5nm) and β’- (λex = 395.3nm)
Gd1.5Eu0.5(MoO4)3 at room temperature (left) and at 10K (right), with spec-
tra vertically displaced for clarity.
ferences in the multiplet splitting of the 7F2 energy level are observed. Figure
5.12 shows PLE and PL spectra for Sm3+ in β’-Sm2(MoO4)3. The influence
of the Eu3+ concentration on the 5D0 → 7F2 emission intensity in α- and
β’-R2-xEux(MoO4)3 (R = Gd, Sm) after excitation into the
5L6 excited state has
been investigated and is summarized in Figure 5.13. The Sm-based samples
show no concentration quenching at all. The β’-Gd2-xEux(MoO4)3samples
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Figure 5.12: Excitation (λem = 648nm) and emission (λex = 405.5nm) spec-
trum of β’-Sm2(MoO4)3. Main transitions for Sm
3+ are indicated.

































x in Gd2-xEux(MoO4)3 x in Sm2-xEux(MoO4)3
Figure 5.13: Concentration dependence of the Eu3+ (5D0-7F2) emission
intensity inα (λex = 394.5nm, black rhombs) andβ’-R2-xEux(MoO4)3 (R=Gd
(left), Sm (right); (λex = 395.3nmnm, red circles). All series are normalized
on the intensity value of α-Eu2(MoO4)3.
on the other hand, reach their maximum intensity for x = 0.5 after which
the intensity remains constant and the α-modifications show a decrease
in intensity for x > 0.75. Luminescence decay times of the Eu3+ emission
of α- and β’-R2-xEux(MoO4)3 were collected after excitation at 395nm and
by monitoring the 5D0 → 7F2 transition intensity. The decay profiles are
shown in Figures 5.14-5.16. For the Gd-based samples a shortening of the
lifetime for increasing Eu3+ concentration was found. This shortening is
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Figure 5.14: Luminescence decay profiles forβ’-Sm2-xEux(MoO4)3 (x = 0.25;
1.5) monitoring the Eu3+ (5D0-7F2) (left) and the Sm3+ (4G5/2 - 6H5/2) emis-
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Figure 5.15: (left) Initial part of the Eu3+ (5D0-7F2) emission decay profile
in β’-Sm0.5Eu1.5(MoO4)3 upon pulsed excitation. The solid black curve
represents a monoexponential fit in the time range from 5 to 1000µs. The
intensity difference between the experimental data and the fitting is shown
as ’feeding of Eu3+’ (right), along with the normalized luminescence decay
of Sm3+ (4G5/2-6H5/2) obtained under identical conditions
more prominent for the α-modifications than for the β’-modifications. The
Sm-based samples, however, exhibit the opposite trend, as the lifetime of the
Eu3+ emission for the high Eu concentrations is longer than the lifetime for
the low Eu concentrations. This is completed with an evaluation of the Sm3+
luminescence decay (Fig. 5.14 and 5.15) by monitoring the 4G5/2 → 6H5/2



















































Figure 5.16: Luminescence decay profiles of the Eu3+ (5D0-7F2) emission
after excitation at 395nm for α-Gd2-xEux(MoO4)3 (0.5<x<2) (left) and β’-
Gd2-xEux(MoO4)3 (0.25 < x < 2) (right).
emission. It also increases upon decreasing Sm3+ concentration, as in the
case of the Eu3+ emission.


























Figure 5.17: Evolution of the site occupancy by the Eu ion for β’-
Sm2(1-x)Eu2x(MoO4)3 as derived from the EXAFS results.
Extended x-ray absorption fine structure spectroscopy (EXAFS) allows to
investigate the local neighbourhood of ions [32]. In the specific case of the
(Sm,Eu)2(MoO4)3 scheelites, it can be used to probe the influence of the
presence of Eu or Sm on the geometry and size of the rare earth site in the
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crystal or to determine site occupancy. EXAFS spectra were collected for the
Eu K and the Sm K edge. For all samples 5 scans were merged to improve
the signal-to-noise ratio. The EXAFS analysis was performed using Artemis,
fitting the spectra to theoretical standards calculated by FEFF6.0 [29]. The
theoretical standards are based on the structure determined in this work. In
the β’-structure there are two non-equivalent sites for the lanthanide ions
[7]. The main difference between both sites is their size. Using EXAFS data
analysis, the site occupancy by the specific lanthanides can be investigated.
Assuming a concentration x of Eu in Sm2-2xEu2x(MoO4)3 and defining the site
preference of Sm and Eu for R1 site by γ and δ respectively, the occupancy
of Sm and Eu on each site can be calculated for each composition by γ(2-x)





Since the Sm K and Eu K spectra are correlated, they were fitted simultane-
ously for each composition, i.e. multiple data set fitting was used. During the
fitting procedure 14 parameters were used, while the number of independent
points was at least 34, as such the Nyquist criterion is fulfilled [33, 34]. A
graphic representation of the preferential site occupancy is given in Figure
5.17. Although there appears to be a slight preference for the Eu ions to oc-
cupy site two, especially in the case of higher Eu3+ concentration, the values
still fall within the error margin. Consequently, no preferential occupation of
either sites is likely.
5.3 Discussion
5.3.1 Effect of the preparation method on the structure
In contrast to the earlier literature data, we demonstrated that the orthorhom-
bic β’-R2-xEux(MoO4)3 phase without the admixture of monoclinic α- modi-
fication can be synthesized only by quenching from 1293K to TR in the com-
pounds with large Eu3+ concentration (x > 1) of Gd2-xEux(MoO4)3 and for all
Sm2-xEux(MoO4)3 solid solutions. According to Huang et al., the temperature
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Figure 5.18: Energy level scheme of the isolated Sm3+, Eu3+ and Gd3+ ions.
of the α→ β’ phase transition for the R2(MoO4)3 (R = Pr - Tb) compounds
decreases from 1277K (Pr3+) to 1153K (Tb3+), while the melting tempera-
ture increases from 1311K (Pr3+) to 1416K (Tb3+) with decreasing R3+ size
(rVIII(Pr3+) = 1.126Å, rVIII(Tb3+) = 1.040Å) [3, 30]. The α-Gd2(MoO4)3 and
β’-Eu2(MoO4)3 crystal structures refined by the Rietveld method from SXPD
data are similar to that of other monoclinic scheelite-type α-R2(MoO4)3 and
orthorhombic non-scheelite β’-phases, respectively. The viewpoint of Ev-
dokimov et al. suggests that the decrease of the R3+ size in R2(MoO4)3 com-
pounds leads to an increase of the stability of RO7 polyhedra inβ’-R2(MoO4)3
as compared with RO8 polyhedra in α-phases with scheelite-type structure.
5.3.2 Effect of the structure on the steady-state spectra
From Figure 5.10, it can be seen that the excitation spectra of respectively
α- and β’-R2-xEux(MoO4)3 differ on two points. First, the short-wavelength
region of the α-modification shows only one band peaking at 280nm, as-
cribed to a charge transfer from oxygen to molybdenum within the (MoO4)
2 –
R2-xEux(MoO4)3 (R = Gd, Sm) | 111
groups, whereas a second band can be distinguished at 320nm for the β’-
modification. This second band can be related to the O2--Eu3+ CT band.
The presence of the CT absorption band originating from the MoO 2 –4 group
on PLE spectra (Fig. 10) and the absence of the emission corresponding
to MoO 2 –4 on PL spectra (Figures 5.11 and 5.12) suggest that the energy ab-
sorbed by the MoO 2 –4 groups is efficiently transferred to Eu
3+ ions in a nonra-
diative way, which is known as host-sensitized energy transfer [35]. Note that
in the excitation spectrum of the α-modification an additional small peak
at 313nm is observed corresponding to the 8S7/2 → 6P7/2 transition of Gd3+,
which is followed by energy transfer to Eu3+. Second, the multiplet splitting
of the Eu3+ energy levels is different for the monoclinic (α) and orthorhombic
(β’) structure, which can be observed in both the excitation and emission
spectrum. The latter is depicted in Figure 5.11, showing the emission from
the 5D0 to 7F1 and 7F2 levels. Emission from higher 5D1 levels (which would
occur in the wavelength region from 520 to 570nm) could not be observed,
pointing at an efficient multiphonon relaxation between these levels and the
5D0 level [36]. This different multiplet splitting can be related to the changing
environment of the Eu3+ ion in α- and β’-modifications, as the coordination
polyhedron of the rare earth ion changes from RO8 to RO7. In both cases, the
5D0 → 7F2 forced electric dipole transition (between 605 and 630nm) is the
most prominent one, as a result of the non-centrosymmetric environment
of Eu3+ in both modifications. For the magnetic dipole transition around
590nm, three peaks originating from the 7F1 multiplet splitting can be ob-
served, whereas only two can be distinguished for the β’-modification in
the spectrum recorded at 10K (Fig. 5.11b). The peak corresponding to the
5D0-7F0 transition is very weak in both cases, which is not surprising for this
highly forbidden transition [37]. In addition to these Eu3+-related emission
peaks, Sm3+ peaks are found in the PL spectra ofα- and β’-Sm2-xEux(MoO4)3.
Upon excitation in the 6H5/2 → 4K11/2 transition at 405.5nm of Sm3+, emis-
sion from both Sm3+ and Eu3+ is observed, and thus energy transfer between
these two luminescent centers is possible. For x ≥ 0.25, the Sm3+ emission
is already completely quenched. Based on the luminescence of Eu3+, it was
not possible to distinguish between the two different sites for the rare earth
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ions in the β’-modification. This can be due to the high similarity between
both sites, the broadness of the emission lines and/or the limited spectral
resolution. EXAFS results revealed already that no preferential occupation of
the two sites is likely.
5.3.3 Absolute intensities
Figure 5.13 shows the dependency of the 5D0 → 7F2 emission intensity on
the Eu3+ concentration for the α- and β’-R2-xEux(MoO4)3 (R = Gd, Sm) phos-
phors after excitation in the 5L6 level of Eu3+. Note that the peak position of
the 5L6 level is different for the α- and the β’-modification, so that an excita-
tion wavelength of respectively 394.5 and 395.3nm was chosen to obtain the
maximum absorption for both modifications. As can be seen, a completely
different trend is observed for the Sm-based samples as compared to the
Gd-based samples. The latter turn out to be the most efficient emitters in
the range of 0 < x < 1.5, but have a comparable or even significantly lower
(α-phase, x = 1.75) emission intensity for higher Eu3+ concentrations. For
both the α- and β’-Sm2-xEux(MoO4)3 solid solutions, the emission inten-
sity increases upon increasing Eu3+, apparently showing no concentration
quenching. Only α-Eu2(MoO4)3 shows a decrease in intensity compared
to lower Eu3+ concentrations. The result on α- and β’-Sm2-xEux(MoO4)3 is
rather striking, as for most phosphors the optimum dopant concentration is
rather low. An explanation for this behaviour can be provided by lumines-
cence decay measurements (see section 5.3.4).
Similar to the Sm-based samples, the Eu3+ emission increases for increas-
ing Eu concentration in the β’-Gd2-xEux(MoO4)3 samples up to x = 0.5, after
which it remains almost constant for higher Eu3+ concentrations. In contrast,
α-Gd2-xEux(MoO4)3 shows the highest luminescence intensity for x = 0.5.
5.3.4 Time resolved measurements
In order to get a better understanding of this peculiar concentration depen-
dence, time resolved measurements for the 5D0-7F2 emission of Eu3+ and
the 4G5/2-6H5/2 emission of Sm3+ in β’-Sm2-xEux(MoO4)3 (x = 0.25, 1.5) were
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performed after pulsed excitation at 395nm. In Figure 5.14, the decay of the
Eu3+ emission is depicted and an increase in lifetime can be observed upon
increasing Eu3+ concentration, with τ = 16µs for x = 0.25 and τ = 85µs for x =
1.5. The longer lifetime for x = 1.5 points to a decrease of non-radiative decay
paths upon increasing Eu3+ concentration. Thus, the absence of concentra-
tion quenching in these materials as shown in section 5.3.3, can be explained
by a combination of an increase in absorption strength of Eu3+ on the one
hand (due to the higher europium concentration) and an increased internal
efficiency of this absorbed intensity on the other hand (witnessed by the
longer decay times). Zooming in on the initial part of the 5D0 decay, a rising
component appears in the first microseconds after the pulse, indicating that
after ceasing the excitation, the level is still fed by an other mechanism. If
the feeding occurs due to energy transfer from Sm3+, the rise time should
be similar to the lifetime of the Sm3+ decay. Due to the large difference in
timescale of the rising part in the luminescence decay of Eu3+ emission (first
few microseconds) and the radiative depopulation of the 5D0 state in Eu3+ (τ
= 85µs), both effects can be treated separately. Consequently the feeding part
can be subtracted from the fit of the slow decay. By comparing this feeding
with the decay of the Sm3+ emission, it is clear that the rise in the Eu3+ emis-
sion is indeed induced by Sm3+ (Fig. 5.15). Like for the Eu3+ decay, the Sm3+
decay shows a small increase in lifetime for increasing Eu3+ concentration
and thus decreasing Sm3+ concentration (Fig. 5.14 (right)). Based on Figure
5.14, one can conclude that the Sm-based lattice is not an efficient lumines-
cence matrix. In general, no high efficiencies are reached in Sm3+-doped
materials [37]. From the energy level scheme in Figure 5.18 it can be seen
that the Sm3+ ion possesses a large variety of energy levels in the visible wave-
length range. The advantage of this is an efficient energy transfer between
Sm and Eu, as was confirmed by the rising component in the 5D0 decay. A
disadvantage however, is the possibility of back transfer to Sm and subse-
quent quenching of the emission at defects or by cross-relaxation. Finally,
time resolved measurements of the 5D0-7FJ emission were performed for
α- and β’-Gd2-xEux(MoO4)3). For the β’-modifications, a mono-exponential
decay is obtained with a decay time decreasing gradually from τ = 587µs for
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x = 0.25 to τ = 263µs for x = 2. The shortening of this lifetime points to an
increase of non-radiative decay paths upon increasing Eu3+ concentration.
In contrast to the case where the host contains Sm ions, the Gd-based lattice
has no detrimental effect on the luminescence efficiency of the Eu3+ ions.
This is not a surprise since the Gd3+ ions are optically inactive in the wave-
length region of the Eu3+ emission, because of the large energy separation
(3.96eV) in Gd3+ between the ground state and the first excited state (Fig.
5.18). Consequently, once energy transfer of Gd3+ to Eu3+ occurs, there is no
possibility for back transfer to Gd3+. Despite the shortening of the Eu3+ life-
time in the stoichiometric phosphorβ’-Eu2(MoO4)3, the luminescence decay
is still relatively long, given that one commonly expects the non-radiative
decay paths to dominate for high Eu3+ concentration. This limited shorten-
ing confirms the minor role of concentration quenching in this host. For the
α-modifications a quasi mono-exponential decay is obtained for x=0.75 but
for higher Eu3+ concentrations a second decay component appears and the
lifetime decreases. For α-Eu2(MoO4)3 a lifetime of τ = 35µs is obtained. This
short lifetime compared to τ = 263µs ofβ’-Eu2(MoO4)3 shows that the energy
transfer to quenching centers is far more prominent in the α-modification
and may be a consequence of the smaller cell volume as compared to the
β’-modifications. This would lead to an on average shorter distance between
the Eu ions, and thus an increased probability of energy transfer between
Eu3+ ions, increasing the probability of non-radiative energy transfer over
the Eu3+ sublattice towards quenching centers.
5.4 Conclusion
R2-xEux(MoO4)3 (R=Gd, Sm; 0≤x≤2) solid solutions have been prepared by
solid state reaction; two types of host structure (monoclinic (α-) and or-
thorhombic (β’-)) have been obtained. Orthorhombic β’-Gd2-xEux(MoO4)3
solid solutions in the Eu3+-rich part (x > 1) and all Sm2-xEux(MoO4)3 solid
solutions can be synthesized without the presence of monoclinic α-phases
only by quenching from high temperature to room temperature. TEM and
Rietveld refinement of the SPXRD data confirm that α-Gd2(MoO4)3 and β’-
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Eu2(MoO4)3 have structures similar to other monoclinic α-R2(MoO4)3 and
orthorhombic β’-phases, respectively.
The study of the luminescent properties demonstrates that all R2-xEux(MoO4)3
(R=Gd, Sm; 0≤x≤2) phosphors emit intense red light dominated by the 5D0
→ 7F2 transition at ∼ 616nm. However, due to the changing environment of
the luminescent ion in switching from the monoclinic to the orthorhombic
structure, a different multiplet splitting is observed. A solid solution with
high Sm content leads to a low Eu3+ emission intensity, probably due to
cross-relaxation. The energy transfer between Eu and Sm ions was proven by
time-resolved emission spectroscopy. In contrast, the β’-Gd2-xEux(MoO4)3
solid solutions reach their highest intensity for x = 0.5 after which the inten-
sity remains constant. The luminescence of the α-Gd2-xEux(MoO4)3 solid
solutions quenches from x = 0.5.
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Chapter 6
KEu(MoO4)2
The results described in this chapter were published in:
KEu(MoO4)2: Polymorphism, Structures, and Luminescent
properties
Vladimir A. Morozov, Alla V. Arakcheeva, Philip Pattison, Katrien W.
Meert, Philippe F. Smet, Dirk Poelman, Nicolas Gauquelin, Johan
Verbeeck, Artem M. Abakumov and Joke Hadermann
Chemistry of Materials 27 (2015) 5519-5530
The luminescent properties were investigated by myself at LumiLab,
Ghent University. The synthesis of the materials was done at the Moscow
State University and the structural properties were investigated by the
EMAT research group of the University of Antwerp. Selected results on
the crystallographic structure are reproduced here.
The substitution of Ca2+ cations in CaBO4 (B = W, Mo) by a combination
of M+ (M = Li+, Na+, K+, Ag+) and a trivalent cation leads to the formation
of MR(BO4)2 (R = rare earth elements, Y, Bi) compounds. The existence
of MR(MoO4)2 (M = Li, Na, Ag) molybdenum oxides with a scheelite-type
tetragonal structure has been reported for all rare earth elements [1–18].
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KR(MoO4)2 double molybdates have a variety of crystal structures and poly-
morphs that can be divided in scheelite-type modifications (R = La-Dy) and
non-scheelite modifications (R= Dy-Lu) with the KY(MoO4)2-type structure
(space group Pbcn)[19]. Three groups of scheelite-type modifications can
be selected: 1) tetragonal (R = La-Sm) phases or phases with a small mono-
clinic distortion of the scheelite subcell; 2) phases with the incommensurate
modulated structure (R = Nd, Sm) (superspace group I2/b(αβ0)00); and
3) anorthic phases with the α-KEu(MoO4)2 structure (space group P1) [20–
25]. In contrast to the tetragonal MR(MoO4)2 (M = Li
+, Na+, K+, Ag+; R =
Ln, Y, Bi) compounds where M+ and R3+ are statistically distributed over the
structure, the K+ and Eu3+ cations in α-KEu(MoO4)2 are ordered. Among the
incommensurately modulated structures, the A site cations are completely or-
dered in KNd(MoO4)2, while they are only partially ordered in KSm(MoO4)2
[23, 24]. It should be noted that the data about the number of polymorph
modifications for KEu(MoO4)2 are contradictory. Klevtsov et al. selected five
modifications of KEu(MoO4)2 (anorthicα-phase→monoclinic β-phase with
theα-KSm(MoO4)2-type structure (IMstructure)×monoclinic β’-phase with
α-KBi(MoO4)2-type structure (unknown structure)→ orthorhombic γ-phase
with the KY(MoO4)2-type structure→ γ-phase (unknown structure) with in-
creasing temperature, while other authors only discussed anorthic α- and
monoclinic β-modifications [26]. According to Klevtsov et al. the pure or-
thorhombic γ-phase with the KY(MoO4)2-type structure can be synthesized
by annealing at 1123K followed by quenching to room temperature. β’-
KEu(MoO4)2 was grown from the melt, and the crystal structure of this phase
was described as monoclinic but not specified in detail [26–29]. It should
be noted that different authors have indexed the powder X-ray diffraction
(PXRD) patterns with different unit cell parameters [25, 27, 28]. Comparison
of data from different authors is difficult because PXRD patterns are almost
absent in the papers. Using the structural data obtained for KNd(MoO4)2, we
have shown that all reflections listed in JCPDS PDF2 No.31-1006 for the mon-
oclinic (β-phase in accordance with Klevtsov et al.[22]) β-KEu(MoO4)2 can
be indexed successfully using the unit cell parameters a = 5.5241(17)Å, b =
5.2864(15)Å, c = 11.713(3)Å, γ = 91.247(17)◦, and q = 0.5641(2)a* - 0.1335(4)b*
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in the monoclinic superspace group, I2/(αβ0)00 [23]. Guo et al. studied the
influence of the calcination temperature from 823 to 1173K on the lumines-
cent properties of KEu(MoO4)2 and showed that the anorthic α-KEu(MoO4)2
structure does not change by increasing the calcination temperature from
823 to 973K [30]. According to Guo et al., PXRD patterns of KEu(MoO4)2
samples prepared at calcination temperatures above 1073K are in agreement
with the JCPDS PDF2 No. 32-0782. It should be noted that the authors com-
pletely ignore the presence of small intensity reflections over the 2θ range
10-20◦on the PXRD patterns of the KEu(MoO4)2 samples prepared at calci-
nation temperatures above 1073K. These small intensity reflections were
not listed in JCPDS PDF2 No. 32-0782 for KEu(MoO4)2, but they are clearly
observed on the PXRD patterns. Here, the aim is to reveal the relation be-
tween the luminescent properties and structure for different modifications
of KEu(MoO4)2.
6.1 Experimental
Materials and Sample Preparation: The low-temperature (LT)α-modification
of KEu(MoO4)2 was prepared from a (1:1:4) stoichiometric mixture of K2CO3
(99.99%), Eu2O3 (99.99%), and MoO3 (99.99%), by a solid-state synthesis in
a Pt crucible at 923 ± 10K for 30 h in air followed by slow cooling in the
furnace from 923K to room temperature (TR). α-KEu(MoO4)2 was annealed
at different temperatures (973, 1023, 1073, 1123, 1173, and 1203K) for 12h
and cooled under different cooling conditions (slow cooling from the anneal-
ing temperature to TR, quenching from the annealing temperature to liquid
nitrogen (N2)) to solve the unclear problem with the number of polymorph
modifications. The high temperature (HT) β-KEu(MoO4)2 was synthesized
from the α-phase by annealing at 1203 ± 10K for 10h in air followed by quick
quenching from the high temperature to liquid nitrogen temperature.
Characterization: Powder X-ray diffraction (PXRD) patterns were collected
on a Huber G670 Guinier diffractometer (CuKα1 radiation, λ = 1.5406Å,
curved Ge(111) monochromator, transmission geometry, image plate de-
tector) for the determination of the unit cell parameters. PXRD data were
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collected at room temperature over the 4◦- 100 ◦2θ range with steps of 0.005◦.
To determine the unit cell parameters, the PXRD data were refined by Le Bail
decomposition using the JANA2006 software [31–33]. Selected area electron
diffraction (SAED) patterns were obtained using a Philips CM20 transmission
electron microscope operated at 200kV, equipped with a CCD camera. The
elemental composition of the samples was confirmed by energy dispersive
X-ray (EDX) analysis performed with a Philips CM20 microscope with an
Oxford INCA attachment. For the EDX analysis, the results were based on
the KK, EuL, and MoL lines. High resolution high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) images were
obtained on a FEI Titan 60-300 transmission electron microscope equipped
with a probe aberration corrector, operated at 300kV. The synchrotron X-ray
powder diffraction (SXPD) data were collected at the BM01A beamline (Swiss-
Norwegian Beamline) of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). A wavelength of 0.6692Å was selected using a Si(111)
double crystal monochromator, and the synchrotron beam was focused on
a spot size of 0.3mm × 0.3mm using a combination of curved mirrors and
sagittal bent second crystal. The sample was put into a borosilicate capillary
of 0.5mm diameter, and the data were collected at room temperature. A
Mar345 image plate detector was used to register the powder patterns. The
sample-to-detector distance of 250mm was calibrated using a LaB6 reference
powder. Rietveld analysis of the incommensurately modulated structure was
performed using the JANA2006 program package [32, 33].
Luminescent properties: Luminescent emission and excitation spectra were
recorded on an Edinburgh Instruments FS920 fluorescence spectrometer
with a monochromated 450W Xe arc as the excitation source. Decay profiles
were collected using an Andor intensified CCD (Andor DH720) connected
to a 500mm spectrograph, combined with a dye laser as excitation source.
Temperature dependent measurements were performed using an Oxford
Optistat CF cryostat.
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6.2 Results and discussion
6.2.1 Preliminary characterization
PXRD patterns ofα-KEu(MoO4)2 and the samples prepared from theα-phase
under different annealing and cooling conditions are shown in Figure 6.1.
All reflections of the PXRD pattern of the α-phase correspond to the anor-
thic structure (space group P-136) with unit cell parameters refined by Le
Bail decomposition: a = 11.1869(2)Å, b = 5.30038(6)Å, c = 6.93707(8)Å, α
= 112.4276(8)◦, β = 111.5964(9)◦, γ = 90.9988(9)◦. PXRD patterns of other
samples prepared from the α-phase differ insignificantly (Figure 6.1). The
main feature of all PXRD patterns of these samples is the presence of two
fairly intense reflections in the 8◦- 11◦2θ range (shown in the green ellipse
in Figure 6.1a). Earlier similar reflections were observed on PXRD patterns
of KR(MoO4)2 (R = Nd, Sm) with incommensurately modulated structures
and indexed as 0001 and 1011¯, respectively [23, 24]. The positions of these
satellite reflections on PXRD patterns are almost independent of the heating
and cooling conditions, while the positions of the basic reflections change sig-
nificantly (Fig. 6.1b). The unit cell parameters were refined by Le Bail decom-
position using the data of the incommensurately modulated KNd(MoO4)2
crystal structure as initial parameters. PXRD studies do not show any or-
thorhombic γ-KEu(MoO4)2 phase with the KY(MoO4)2-type structure but
show the existence of only two modifications for KEu(MoO4)2: an anorthic
α-phase and a monoclinic β-modification with incommensurate modulated
structure.
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Figure 6.1: Part of the PXRD patterns of K0.5Eu0.5MoO4 samples prepared
from α-K0.5Eu0.5MoO4 (1) by annealing at 973K (2), 1023K (3), 1073K (4),
1123K (5), 1173K (6) and at 1203 ± 10K followed by the quickly quenching
from the high temperature to liquid nitrogen (β-K0.5Eu0.5MoO4 (7)) in 2θ
ranges of 5-51◦(a) and 27-28.75◦(b).
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6.2.2 Electron diffraction study







β ED patterns of β-KEu(MoO4)2 (Fig. 6.2) show a
high likeness with those of KR(MoO4)2 (R = Nd, Sm), which have a (3+1)D
incommensurately modulated structure [7, 8]. The reflections in the [11¯0]*β
and [100]*β ED patterns all correspond to the tetragonal scheelite subcell
with parameters as ≈ 5.46Å, cs ≈ 11.86Å (s refers to the scheelite type unit
cell) and thus are considered main reflections. However, next to main reflec-
tions, low intensity reflections are observed in the other ED patterns, [001]*β
and [111]*β. These are satellite reflections that need four hklm integers to
be indexed, corresponding to H = ha* + kb* + lc* + mq, with modulation
vector q ≈ 0.57as* - 0.122bs* and m 6= 0. The m = 0 reflections are the main
reflections. The values of the q vector components cannot be expressed as
rational values and therefore designate the structure as incommensurately
modulated. The reflection conditions hklm: h + k + l = 2n and hk0m: h, k
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Figure 6.3: ED patterns along the main zone axes for the anorthic α-
KEu(MoO4)2.
= 2n correspond to the (3+1)D superspace group I2/b(αβ0)00 (unique axis
c) (15.1.4.1 in Stokes-Campbell-van Smaalen notations, B2/b(αβ0)00 in a
standard setting) [34]. The [11¯0]* pattern shows hk00: h, k = 2n+1 reflections
that are forbidden by the I2/b symmetry. However, on tilting the sample
around the [hk00] direction, these reflections become weaker and finally
disappear in the [001]* pattern. Therefore, these reflections are due to double
diffraction, not violating the I2/b symmetry.
low temperatureα-phase
[010]*α, [100]*α, [120]*α, and [001]*α ED patterns ofα-KEu(MoO4)2 are shown
in Figure 6.3. They can be indexed using the space group P1¯ with the unit-cell
parameters refined from the PXRD pattern. The relation between the unit
cell vectors of the monoclinic (β-phase) and the anorthic unit cell (α-phase)
is as follows: [010]*α = [001]*β, [100]
*
α = [100]*β, and [120]
*
α = [11¯0]*β. The
difference between the β-phase and the α-phase is clearly observed when
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comparing the [010]*α and [001]*β ED patterns, whereas the [100]
*
α and
[120]*α differ only slightly from [100]*β and [11¯0]
*
β, respectively.
6.2.3 Refinement of the KEu(MoO4)2 crystal structures
Figure 6.4: Experimental, calculated and difference SXPD patterns for β-
KEu(MoO4)2. Tick marks denote the peak positions of possible Bragg re-
flections for (a) the main reflections and (b) satellites. The inset shows
a part of the profile with the indexation of some reflections. The pair of
strong low-angle satellites is a characteristic feature of the scheelite-like
incommensurate structures.
high temperature β-phase
The SXPD data were collected in the 2θ range of 3.002-34.298◦with steps of
0.004◦. The structure was refined against the SXPD data in the scheelite-type
setting with superspace group I2/b(αβ0)00. The cell parameters and q vector
from electron microscopy were used as input and refined as a = 5.52645(4)Å,
b = 5.28277(4)Å, c = 11.73797(8)Å, γ = 91.2189(4)◦, q ≈ 0.568a* - 0.1239b*.
Refining the unit cell and profile parameters together allowed to index 864
of the main reflections and up to third-order satellite reflections (Fig. 6.4).
In the lower- angle range (3◦≤ 2θ ≤ 11.6◦), the first-order satellites are the
strongest reflections and also the third-order satellites are clearly present,
whereas only three weak main reflections are present (Fig. 6.4). For the
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initial parameters of the refinement, the Mo and O atomic parameters of
KNd(MoO4)2 were used, including the displacive modulation function’s first-
order Fourier amplitudes, completed by K and Eu occupying the A position
statistically (x1 = 0.5, x2 = 0.25, x3 = 0.88) [23]. The displacive modulation
functions, atomic coordinates, and isotropic atomic displacement parame-
ters (ADP) were subsequently refined. According to the KNd(MoO4)2 model
of the occupation modulation in the A site, two Crenel functions were chosen
for the K and Eu atomic domains with parameters x04 = 0 (K) and x
0
4 = 0.5
(Eu) and an occupation parameter o = 0.5 for both A atoms (crenel-I model).
The occupation parameters were fixed to satisfy the EDX results. Acceptable
values of R were obtained for the main reflections and higher R values for
satellite reflections. The calculated electron and residual electron density
near the A = (K0.5Eu0.5) position showed that the assumption of an average
half occupation along the internal axis x4 by both K and Eu was not correct.
The crenel-I model was improved by refining the occupation parameters to
o[K1] = 0.9851(1) and o[Eu2] = 0.015(1) (0 < t < 0.5) and o[Eu1] = 0.985(1) and
o[K2] = 0.015(1) (0.5 < t < 1) (crenel-II model). The coordinates (x, y, z), ADPs,
and displacive modulations of K1 and K2 and of Eu1 and Eu2 were fixed to be
equal, and further restraints o[K1] = o[Eu1] = 1 - o[Eu2], o[Eu2] = o[K2] were
used. Overall only o[Eu1] was included as an additional refined parameter
compared to the crenel-I model. Two harmonic terms were included in the
displacive modulations for the Eu/K cations, three for the Mo and O atoms.
The crenel-II model was successfully refined using isotropic atomic displace-
ment parameters. The sufficiently large ratio between observed reflections
and atomic refined parameters (864/69 > 8.9) allowed the refinement of the
anisotropic ADP for K, Eu, and Mo cations. The reliability factors Rall = 1.15%,
Rp = 2.35% showed that the experimental and calculated profile agree well.
Figure 6.4 shows the experimental, calculated, and difference XRD patterns.
low temperatureα-phase
The SXPD data were collected in the 2θ range of 2.000-34.708◦with steps of
0.004◦. In accordance with Klevtsova et al. and our PXRD and ED study, the
α-KEu(MoO4)2 has the anorthic scheelite-type structure (space group P1¯)
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but can also be considered in the scheelite-type settings as a commensurately
modulated structure with the anorthic superspace group I1¯(αβγ)0 and the
modulation vector q = 1/2as* + 0bs* + 1/2cs * [25]. The fractional atomic
coordinates of CaWO4 were used as the initial parameters for the refinement
of the average structure after their transformation from space group I41/a
to I1¯. According to the analysis of the residual electron density maps, two
Crenel functions were applied for the K and Eu atoms with occupation pa-
rameter o = 0.5 for both A atoms, Eu x40 = 0 and K x40 = 0.5. The occupation
parameters were fixed in agreement with the EDX results. The displacive
modulations were approximated with one harmonic term for the Eu, K, Mo,
and O atoms. The structure has been refined as commensurately modulated
with t0 = 1/4. The reliability factors Rall = 1.53%, Rp = 2.96% indicate that
the experimental and calculated profiles agree well. Figure 6.8 shows the
experimental, calculated, and difference SXRD patterns.
6.3 Specific features of the KEu(MoO4)2 crystal
structures
The incommensurately modulated scheelite-type β-phase has strong satel-
lite reflections on the X-ray diffraction patterns, some even stronger than
many main reflections (Fig. 6.4), with also strong reflections at low angles
(inset Figure 6.4). These features are characteristic for the incommensurately
modulated scheelite-type β-phases. The scheelite-type ABO4 (CaWO4) struc-
ture exists of [. . . - AO8 - BO4 - . . . ] columns oriented along the c-axis. For the
A positions, many different distributions of cations have been reported, or-
dered, and disordered and with positions fully or partially occupied, whereas
the B positions were always fully occupied and topologically identical. The K
and Eu cation ordering in the β-phase is demonstrated in Figure 6.7, showing
the 9a × 8.5b × 1c representative portion of the structure. The distribution
of K and Eu in the A position is aperiodic in the ab plane and periodic along
the c axis (Fig. 6.7). The ionic charge and radius of K and Eu cations, as well
as their electronic structure and covalent bonding preferences are different,
and therefore a different first coordination sphere environment is required.
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Figure 6.5: The ac projection of the crystal structure for two KEu(MoO4)2
modifications (only K, Eu and Mo cations are shown for simplicity): β-phase
(a) and α-phase (b).
The A-O distances are more spread along the internal coordinate t for the
K-O values than for the Eu-O values. The structure of β-KEu(MoO4)2 can,
like other scheelite-type compounds, be described as columns along the
c-axis consisting of A cations and MoO4 (Figure 6.7). Each column consists of
either [KMoO4] or [EuMoO4] units. As a result, it can be clearly seen in the ab
projection that the K and Eu distribution over the structure follows an incom-
mensurate compositional modulation wave propagating in the direction of
vector q =αa* + βb*. Four [KMoO4] or [EuMoO4] columns form 4-membered
blocks grouped into ’dimers’ and ’trimers’ (respectively indicated in orange
and yellow in Figure 6.7) along the [010] direction of the scheelite subcell.
Aperiodic alternation of the ’dimers’ and ’trimers’ can be considered as the
origin of the incommensurability in the β-phase. These results are confirmed
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Figure 6.6: Eu-layers in α- (a,b) and β-KEu(MoO4)2 structures (c, d).
by HAADF-STEM images along the zone axis [001]. The ac projections of
the crystal structure are shown in Figure 6.5 for the two KEu(MoO4)2 mod-
ifications. The difference between them lies in the ordering of the cations
in the A-sublattice of the scheelite-type structure, clearly observed in these
projections. The difference and similarity between the structures can be
better understood if we consider the mutual arrangement of Eu3+ and the
geometry of their surroundings by neighboring Eu3+ cations. In the α-phase,
the ordering of the Eu3+ and K+ cations leads to the formation of similar
zigzag Eu3+- and K+-layers, which are confined to the (101) plane and alter-
nate along the [100] direction of the scheelite-type unit cell (Fig. 6.5b). Two
neighboring Eu3+- layers are separated by a similar zigzag K+-layer. The short-
est distance between two nearest Eu3+ cations is equal to 9Å between layers,
and it varies from 3.889(7)Å to 3.981(7)Å within the layer. Six Eu3+ cations
form six-membered rings (Fig. 6.6a), and a Eu3+-layer can be represented
as constructed from these rings (Fig. 6.6b). Thus, the cation ordering in the
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Figure 6.7: A portion of the β-KEu(MoO4)2 aperiodic structure in the ab
projection. The red balls and blue rings indicate Eu and K positions, respec-
tively. The [MoO4] tetrahedra are represented by their edges. The grey and
white wave indicate the continuously changing chemical composition from
mainly Eu[MoO4] (center of the grey part) to mainly K[MoO4] (center of the
white part). The direction and length of this wave (arrow) is parallel to the q
vector with length 1/|q|.
α-phase leads to the formation of a 2D Eu3+ network. In the β-phase, similar
six-membered Eu3+-rings can be selected (Fig. 6.6c) with Eu3+-Eu3+ distances
between 3.83(7)Å and 4.20(9)Å. However, unlike in the α-phase, these rings
form a 3D Eu3+ framework (Fig. 6.6d). Abakumov et al. summarized the
crystal structure data for all (A’,A”)1-xBO4 (B = Mo, W) scheelites, showing that
the ordering of the A-site cations depends on the difference in their ionic
radii r(A’)-r(A”) and on the amount of cation vacancies x [35]. Like other
NaR(MoO4)2 (R = rare earth elements) molybdenum oxides, NaEu(MoO4)2
has only the tetragonal scheelite-type structure with a statistical distribution
of M+ and R3+. KR(MoO4)2 (R = La - Ce) has similar statistical distribution
of K+ and R3+ [20, 36–38]. Increasing the r(K)-r(R) difference from 0.367Å
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Figure 6.8: Experimental, calculated and difference SXPD patterns for α-
KEu(MoO4)2. Tick marks denote the peak positions of possible Bragg reflec-
tions for (a) the main reflections and (b) satellites.
(Ce) to 0.401Å (Nd) turns the K+ and R3+ distribution into an ordered one,
forming the incommensurately modulated structures (R = Nd-Eu). Up to R
= Dy, anorthic scheelite-type phases with the α-KEu(MoO4)2 structure are
formed [39]. Increasing the r(K)-r(R) difference further, from 0.483Å (Dy) to
0.491Å (Y) results in phases with the nonscheelite KY(MoO4)2-type structure.
Thus, the scheelite-type structure is apparently restricted to r(A’)-r(A”) values
below 0.49Å.
6.4 Luminescent properties
The luminescent properties were measured for four different samples: the
low temperature α-phase, the samples annealed at 973 and 1173K, and the
high temperature β-phase. In Figure 6.9, the excitation (λem = 615nm) and
emission (λex = 395nm) spectra are shown, and the characteristic 4f-4f tran-
sitions of Eu3+ dominate in both spectra. In the excitation spectrum an
additional dual broad band can be observed in the short wavelength region.
These broad features are in general linked to host related mechanisms like
charge transfer states and point to an energy transfer between the host and
the luminescent ion. Apparently, the annealing temperature has an influ-
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Figure 6.9: Excitation (left) (λem = 615nm) and emission (right) (λex =
395nm) spectra of four KEu(MoO4)2 samples at room temperature. The
inset shows the emission of the 5D1 and 5D2 level normalized to the peak of
the emission of the 5D0 level for all samples at room temperature.
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Figure 6.10: Emission (λex = 395nm) of the 5D0 level at 10K: 5D0 - 7F0 (left)
and 5D0 - 7F2 (right) transitions.
ence on the efficiency of this energy transfer. The excitation spectrum of
the β-phase exhibits the highest contribution of the charge transfer band
and thus the most efficient energy transfer mechanism between the host
and the luminescent ion as compared to direct excitation. For all samples,
the majority of the emission can be ascribed to the 5D0-7F2 forced electric
dipole transition at around 615nm, indicating that the site symmetry of the A
position, and thus the position of the Eu3+ ion, possesses no inversion center
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Figure 6.11: Decay profiles of the 5D0 - emission (λex = 337nm) at 10K (left)
and at room temperature (right). The dashed lines are exponential fits.
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Figure 6.12: Decay profiles of the 5D1 - emission (λex = 337nm).
structural data. Typically, the local environment of the Eu3+ ions has only
a minor influence on the spectra and differences are limited to small shifts
in energy levels and thus in the positions of the transitions in the spectra;
therefore, measurements at low temperature are needed to avoid thermally
induced peak broadening. Figure 6.10, measured at a temperature of 10K,
reveals small differences in the emission from the 5D0 level for the studied
samples. In all materials, the 5D0-7F0 transition is well separated from the
three peaks of the 5D0-7F1 transition between 590 and 600nm. For the α-
phase, the 5D0-7F0 transition is observed at 579.5nm, but it is shifted to 579
nm for the annealed and the high temperature β-phase samples. Apparently,
the 5D0 level shifts 2meV to higher energies after annealing the samples. The
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annealing induces also changes in the 7F2 multiplet splitting, as reflected in
the 5D0-7F2 transition (Fig. 6.10(right)). However, calculating the barycenter
energy for the 7F2 level (i.e., in the absence of crystal field splitting) is not
possible with sufficient precision due to the involvement of multiple over-
lapping energy levels. The inset of Figure 6.9 shows that, in addition to the
above differences between the samples, the fraction of emission coming from
the higher lying 5D2 and 5D1 levels is relatively much more prominent for
the high temperature β-phase as compared to the other modifications. In
general, the non-radiative depopulation of the higher lying 5DJ levels to the
5D0 level can occur by two mechanisms, cross-relaxation and multiphonon
relaxation. Cross-relaxation between two neighboring ions involves an en-
ergy transfer of the 5D1-5D0 energy difference from one ion to the other. A
relatively small distance between the luminescent ions is necessary for this
transfer process to occur, and thus a (locally) high Eu3+ concentration is
needed. A second way of depopulating higher lying energy levels in ions is
by multiphonon relaxation. In this case the energy of the phonons should
be resonant with the energy difference between the higher and the lower
lying level. In order to gain more insight in the involved mechanisms, time
resolved measurements were performed. In Figure 6.11 the decay profiles
(λexc = 337nm) of the 5D0 emission of all the samples both at 10K and at TR
are shown to be very different. The modulated monoclinic sample annealed
at 973K shows a monoexponential decay and fitting the expression
I (t )= I0 exp(−t/τ) (6.1)
to the experimental data yields a single decay constant of τ = 540µs at 10K.
For the other modifications a deviation from this single exponential decay
is observed, and an additional short component appears in the decay, be-
ing τ = 280µs for the α-phase and the sample annealed at 1173K and τ
= 160µs for the β-modification. In both cases, the fraction of fast decay
( f2 = (I2τ2)/(I1τ1+ I2τ2)) is ca. 0.75. The suppression of this second compo-
nent in the decay proves that the annealing at 973K reduces the quenching
centers in the material. By contrast, higher annealing temperatures tend to
have a negative effect on the internal quantum efficiency of the material. As
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the internal quantum efficiency of a specific transition is governed by the
competition between the radiative and non-radiative decay paths, each with
their own rate constant, the non-radiative decay starts to dominate if its rate
constant becomes of the same order of magnitude as the intrinsic radiative
decay rate. The greyish body color of the β-phase sample reveals indeed an
increased absorption by defects as compared to the other samples which
have a brighter body color, leading to a lower emission efficiency. The decay
constant of the emission from the 5D1 level is of the order of a microsecond
for all four samples (Fig. 6.12). At room temperature (TR), the decay of the
5D0 emission of all samples is much faster as compared to the situation at
10K. Apparently, at TR the emission is already partially quenched. The de-
cay constant of the 5D1 emission is similar for all four samples (τ = 200ns),
whereas the decay profile of the 5D0 emission differs largely. The invariance
of the 5D1 decay reflects an equally efficient relaxation process from the
5D1 to the 5D0 level for the investigated samples. Therefore, the increased
5D1,2-7FJ emission relative to the 5D0 emission of the β-phase in the steady
state spectra should be linked with the fast decay of the 5D0 emission. This
fast decay originates from an increased probability for non-radiative decay,
which is reflected in a decrease of the internal quantum efficiency of the
emission from the 5D0 level. Due to the 3D framework of Eu3+ atoms in the
β-phase (see section 6.3), the Eu ions are highly connected to each other,
making energy transfer from one Eu3+ ion to another and subsequently to de-
fect centers more probable. In addition, additional impurities or defects are
created by elevated temperatures in the preparation phase. The combination
of this more efficient transfer process and the increased number of defects
results in an increase of the rate constant for the non-radiative decay paths.
Given that the decay from the 5D0 level is several orders of magnitude slower
than from the 5D1 level, the influence of the non-radiative decay rate is much
larger for the 5D0 level. This results in a relatively stronger reduction for the
emission intensity for the transitions starting from the 5D0 level, compared
to those from the 5D1 level. However, it should be noted that for stoichiomet-
ric phosphors much lower quantum efficiencies are usually observed. For
high Eu3+ concentrations, distances between Eu3+ atoms become so small
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that cross-relaxation and other energy transfer processes gain importance,
resulting in strong concentration quenching and thus a reduced emission
intensity. For these scheelites, however, relatively high emission intensity
is found despite the high Eu3+ concentration. In this way, the relatively low
absorption strength of the 4f-4f transitions in Eu3+ can be compensated by
a high Eu3+ concentration resulting in a reasonable absorption upon direct
excitation.
6.5 Conclusion
The α- and β-polymorphs of KEu(MoO4)2 were synthesized by a solid state
method. PXRD study confirmed the existence of only two polymorphic forms
at annealing temperature range 923-1203K and ambient pressure: a low tem-
perature anorthic α-phase and a monoclinic high temperature β-phase with
an incommensurately modulated structure. In both cases the modulation
arises due to Eu/K cation ordering at the A site: the formation of a 2D Eu3+
network is characteristic for the α-phase, while a 3D Eu3+ framework is ob-
served for the β-phase. This stronger interconnectivity results in a reduced
internal quantum efficiency for the 5D0 emission of Eu3+, as shown both by
the emission spectra and by the decay profiles. Next to the energy transfer
between the Eu3+ ions, the transfer from host-related centres to the Eu3+ ion
is most efficient for the β-modulation as well.
Although the structural analytical techniques did not reveal changes in the
structure for the different annealing temperatures, changes in the Eu3+ spec-
tra are observed. Small shifts in the position of the energy levels of the Eu3+
are found, pointing to changes in the close environment of the Eu3+ ion.
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In this chapter, the influence of the amount of vacancies on the luminescent
properties was studied, while keeping the Eu3+ content unchanged. For this,
we performed heterovalent Ca2+ by Gd3+ substitution at the A sublattice
in the scheelite-type Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (0 ≤ x ≤ 0.567) solid
solutions. Changing the Eu concentration (to change the crystal structure)
would not be a good idea, as for elevated Eu concentrations increased energy
transfer occurs between dopant ions, as well as an increased role of non-
radiative decay paths (e.g. concentration quenching). Therefore, to use Eu as
a probe for the local symmetry, the Eu concentration should be kept constant
(and relatively low), which is the case here.
The crystal structure was investigated by the University of Antwerp and the
summary of the results is given here. The luminescent measurements were
performed by myself at LumiLab.
7.1 Experimental
Structural Characterization: Samples of the Ca0.85-1.5xGdxEu0.10.05+0.5xWO4
(x = 0, 0.1, 0.2, 0.3, 0.4, and 0.567) solid solution were synthesized by a solid
state reaction from a stoichiometric mixture of CaCO3, Gd2O3, Eu2O3 and
WO3 (99.99%) at 823K for 10h followed by annealing at 1273K for 96h. Pow-
der X-ray diffraction (PXRD) patterns were collected on a Huber G670 Guinier
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diffractometer (CuKα1 radiation, curved Ge(111) monochromator, trans-
mission mode, image plate). To determine the lattice parameters of the
Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (0 ≤ x ≤ 0.567) solid solution, the Le Bail
decomposition was applied using the JANA2006 software. Selected area elec-
tron diffraction (ED) patterns were recorded on a CCD camera with a Philips
CM20 transmission electron microscope operating at 200kV. High angle an-
nular dark field scanning transmission electron microscopy (HAADF-STEM)
images were obtained at 300kV on a FEI Titan 50-80 microscope equipped
with a probe aberration corrector.
Luminescent properties: Luminescence emission and excitation spectra
were obtained with a FS920 spectrometer (Edinburgh Instruments), using a
450W Xenon light source, double excitation monochromator and a R928P
photomultiplier connected to the emission monochromator. Photolumi-
nescence spectra of all samples were measured under the same conditions.
All measurements were recorded at room temperature unless mentioned
otherwise, and the temperature dependent measurements were performed
using an Oxford Optistat CF cryostat.
7.2 Results
7.2.1 Structural Characterization
In the Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (0 ≤ x ≤ 0.567) solid solution, the
heterovalent Gd3+ by Ca2+ substitution leads to the creation of vacancies
in the A sublattice. Based on PXRD and ED patterns, the structure of these
compounds could be determined. At low Gd3+ concentration (x = 0.1, 0.2),
the vacancies are randomly distributed and the structures preserve the I41/a
symmetry. At higher concentrations, the vacancies tend to order with the A
cations: a (3+2)D tetragonal structure is formed at x = 0.3, whereas for x = 0.4,
a (3+1)D monoclinically distorted structure is obtained. Further increase of
the Gd3+ content up to x = 0.567 leads to the formation of a monoclinic phase






































Figure 7.1: Excitation (left; λem = 615nm) and emission (right; λexc =
395nm) spectra of Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (x = 0.1, 0.2, 0.3, 0.4,
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Figure 7.2: Decay profiles of the emission from the 5D1 (left) and 5D0
(right) level (λexc = 395nm) of Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 ( (x = 0.1,
0.2, 0.3, 0.4, 0.57) at room temperature. The dashed lines are monoexpo-








In Fig. 7.1, the excitation (left; λem = 615nm) and emission (right; λexc =
395nm) spectra are shown for Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (x = 0.1, 0.2,
0.3, 0.4, 0.57) at room temperature. The excitation spectrum consists of a
broad band in the low wavelength region, assigned to a charge-transfer state
and Eu3+ 4f-4f transitions between 300nm and 400nm [1]. Direct excitation
in the 5L6 level at 395nm results in the emission spectrum of Fig. 7.1 (right).
Here, the 5D0 → 7F0 (λem = 579nm); 7F1 (λem = 590nm) and 7F2 (λem =
615nm) transitions are displayed. At shorter wavelengths emission from the
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higher lying 5D1 and 5D2 levels is observed as well. The 5D0 → 7F2 induced
electric dipole transition is the most intense of all observed transitions due to
the absence of an inversion centre at the Eu3+ site, as described in Chapter 1.
In Fig. 7.2, the decay profiles of the emission from the 5D1 (530-545nm) and
5D0 (605-625nm) level are shown after excitation in the 5L6 level at 395nm.
Both decay profiles can be fitted with a monoexponential function and the




















































0 5 10 15
Time (μs)
Figure 7.3: Decay profile (λex = 395nm) of the 5D1 (left) and 5D0 (right)
emission of Ca0.55Gd0.2Eu0.10.15(WO4) at room temperature during the
first few microseconds.
The decay profiles of the 5D0 emission for all investigated samples are mono-
exponential with a decay constant of τ = 550µs. This fixed decay time upon
varying x reflects a similar internal quantum efficiency for all the samples.
Apparently, the changing structure has no influence on the involved energy
transfer processes and the Eu3+ luminescence encounters no negative effect
in terms of efficiency of the change from the I41/a to the C2/c structure.
Based on these decay profiles it can be concluded that the mean Eu-Eu dis-
tance does not vary significantly with changing x. Moreover, as the decay is
mono-exponential, the transfer between the Eu ions seems limited [2].
During the first few microseconds after the excitation, the intensity of the























Figure 7.4: Decay profile (λex = 395nm) of the 5D0 (red), 5D1 (green) and
5D2 (blue) emission at room temperature. The symbols are the experimental
data, the solid lines are the fits. See text for further details.
feeding from higher lying levels. This feeding mechanism can be the result
of multiphonon relaxation from one level to another or of cross-relaxation
processes [3, 4]. For both mechanisms, the 5D1 level is populated by energy
transfer from the 5D2 level, whereas the 5D0 level can be populated directly
from the 5D2 level or from the 5D1 level. Therefore, three non-radiative decay
rates WJJ’ should be considered to describe the dynamics of the
5D2,5D1 and
5D0 level of the Eu3+ ion. As described in section 1.4, these can, together
with the radiative rates ΓJ, be introduced into a set of coupled differential











where only direct excitation (W(t)) into the 5D2 level is considered. The
values of WJJ’ are obtained by the fit of the solution of these equations to
the experimental data and are given in Table 7.1. The result is depicted in
Fig. 7.4, the symbols are the experimental data and the solid lines are the
solutions of Eq. 7.1. It can be seen that the fit corresponds quite nicely with





Table 7.1: Parameter values of the non-radiative rates.
the experimental data. The dynamics of the energy levels in this time range is
completely determined by the non-radiative rates, as the radiative rates are
several orders of magnitude smaller [6]. Determination of the exact nature
of the rate constants WJJ’ is however not possible, as only by comparing the
decay profiles of different Eu3+ concentrations at different temperatures one
can distinguish between multiphonon relaxation and cross-relaxation.
Figure 7.5: The 5D0 → 7F2 transition (λexc = 395nm) of
Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (x = 0.1, 0.2, 0.3, 0.4, 0.57) at room
temperature (left) and at 10K (right).
Next to the decay profiles, the emission and excitation spectra can reveal
information about the crystal structure in addition to the structural analytical
techniques. Although the 4f-4f transitions are rather insensitive to the crystal
field generated by the environment, from Fig. 7.1 and 7.5 it is clear that the
changing structure for varying x has an effect on the energy level positions.
For example, Fig. 7.5 shows the 5D0 → 7F2 transition and even for x = 0.2 a










x = 0.1 x = 0.2
Figure 7.6: AO8 coordination polyedron of Ca0.7Gd0.1Eu0.10.1WO4 (left)
and Ca0.55Gd0.2Eu0.10.15WO4 (right). The red balls are oxygen ions, the
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Figure 7.7: t-u-plots for the Ca0.4Gd0.3Eu0.10.2WO4: Eu occupancy (left);
distortion parameters ∆d1 (middle) and ∆d2 (right).
with respect to x = 0.1, although no change in the crystal structure is found for
these two compounds. For x = 0.57, a different mutliplet splitting is observed.
In order to explain the observed spectroscopic differences, the first coordina-
tion shell of the Eu3+ ion is of primary importance. In scheelites, the A cations
are dodecahedrally surrounded by eight oxygen ions. In principle, the point
symmetry of this surrounding is D2d, but due to distortions the site symmetry
is lowered [7]. For x = 0.1 and x = 0.2 two A-O distances are found in the
AO8 polyhedra, as in the case of a regular dodecahedron. However these two
distances are different for x = 0.1 and x = 0.2, being A-O(1) = 2.482Å/2.449Å
and A-O(2) = 2.431Å/2.474Å and a slight difference in the angles is observed
as well. Both polyhedra are depicted in Fig. 7.6. Apparently, for these small








































Figure 7.8: t-plots for the Ca0.25Gd0.4Eu0.10.25WO4: variation of the Ca
(blue)/Gd (red)/Eu (blue) occupancies (left); A-O bond lengths (middle);
distortion parameters (right).
deviations the Eu ion experiences already a different crystal field. By contrast,
for x = 0.57, the eight A-O distances differ from each other going from A-O
= 2.331Å to A-O = 2.516Å and all angles have different values. Apparently,
for this structure the polyhedron of the Eu3+ ion is completely distorted as
compared to the situation for x = 0.1 and the site symmetry corresponds to
C1. For x = 0.3 and 0.4, the structure is incommensurately modulated. The
Ca and (Gd,Eu) occupancy modulations are in antiphase in both compounds
indicating that partial Ca/(Gd, Eu) ordering takes place, in addition to the
ordering between the cations and vacancies. To analyse the variation of
different structural parameters (occupancy of the A sublattice, A-O and W-O
bond lengths, tetrahedral distortion parameters, . . . ) in these modulated
structures, t-plots should be considered. The parameter t corresponds to the
phase of the modulation and all atomic positions and distances that occur
within a structure are found within one period [0,1] of t [8, 9]. The Ca and
Gd+Eu occupancy modulation waves have an antiphase pattern, peaking at t
≈ 1/2 and t≈ 0, respectively for x = 0.3 (Fig. 7.7, left) and the other way around
for x = 0.4 (Figure 7.8, left). The AO8 polyhedra are significantly distorted:
the A-O distances vary in a range 2.23-2.75Å for Ca0.4Gd0.3Eu0.10.20WO4
and in a range 2.36 - 2.61Å in Ca0.25Gd0.4Eu0.10.25WO4 (Figure 7.8, middle).
The distortion of the polyhedra can be analysed using the distances and
distortion parameters. The latter characterize the deviations of the A-O bond










were d0.1,i is 2.431Å for i = 1 and 2.482Å for i = 2 [10]. The results are shown
in Figure 7.7 (middle, right) for x = 0.3 and in Figure 7.8 (right) for x = 0.4. For
x = 0.3, the A-O distances are not explicitly shown as this would imply eight
t-u-plots. Based on these results it is clear that it is not straightforward to
link the shift in energy level positions to the changing environment of the
Eu3+ ion. The distortion parameters are larger for x = 0.3 than for x = 0.4 and
the large variability in distances (and angles) makes it impossible to assign
one representative polyhedron of the Eu3+ ion for both structures. These
multiple different site symmetries are however also partially reflected in the
emission spectrum, in particular in the 5D0 → 7F0 transition. This transition
possess typically the smallest bandwidth of all occurring 4f6-4f6 transitions.
The FWHM of this transition changes from 8cm−1 for x = 0.1 to 9cm−1 for
x = 0.2; 0.3 and 12cm−1 for x = 0.4 and finally to 5cm−1 for x = 0.57. This
inhomogeneous line broadening points to the fact that the Eu3+ ions occupy
sites with slightly different site symmetries originating from differences in
metal-ligand angles and distances, which is indeed the case [11]. The smaller
linewidth for x = 0.57 corresponds with the single surrounding geometry
of the Eu3+ ion for this structure. In addition, the lines of the 5D0 → 7F2
transition show a broadening in going from x = 0.1 to x = 0.4. It should be
noted that for all values of x, the position of the emission lines in the spectra
do not depend on the excitation wavelength pointing to essentially only one
non-equivalent site for the Eu3+ ion in each compound.
As discussed in Chapter 1, the energy level position is determined both by
the values of the crystal field parameters B kq and the Slater parameters Fk.
The values of Fk can decrease as compared to the free ion parameters, the so
called nephelauxetic effect, which is experimentally observed as a red-shift of
the barycentres of spectral features [12]. The relation between the observed
variations in the emission spectrum and the change in these parameters is in
practice however not so straightforward. Based on the emission spectrum,
the barycentrum of the 7F1 level remains constant at 376cm−1, while the
position of the 5D0 level changes. However, the energy position of the latter
is deduced from the the 5D0 → 7F0 transition in the emission spectrum and
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the position of this transition can be influenced by the B 2q parameter as well.
This is described in Chapter 1 where in Fig. 1.5 the 5D0 → 7F1 transition is
depicted together with the 5D0 → 7F0 transition. Based on these results, the
redshift of the 5D0 level for x = 0.57 can be caused by a smaller value of B 20 ,
rather than by a change in the values of the Fk parameters. The extra line in
the 5D0 → 7F2 transition for x = 0.57 can only be induced by changing crystal
field parameters due to the lowering of the site symmetry to C1.
7.4 Conclusions
In this chapter, the luminescent properties of Ca0.85-1.5xGdxEu0.10.05+0.5xWO4
(x = 0.1, 0.2, 0.3 ,0.4, 0.57) were investigated and linked to their structural prop-
erties. For x = 0.1 and 0.2 the Ia1/a space group was found and the vacancies
are randomly distributed in the crystal. At higher vacancy concentrations,
they tend to order with the A cations with the formation of incommensurately
modulated structures. At x = 0.3, the structure has a (3+2)D tetragonal sym-
metry. At x = 0.4, the scheelite basic cell undergoes a monoclinic distortion
with the formation of the (3+1)D structure. In both structures, the antiphase
Ca and (Gd,Eu) occupancy modulations indicate that besides the ordering
between the A cations and vacancies, partial Ca/(Gd,Eu) ordering takes place.
Further increase of the Gd3+ content up to x = 0.57 leads to the formation of a
monoclinic phase (space group C2/c) with the Eu2/3WO4-type structure. The
intent to limit changing contributions of Eu-Eu transfer through the series by
keeping the Eu3+ concentration fixed was successfully achieved, proven by
the decay profiles. By contrast, the change in the crystal structure was clearly
reflected in the luminescence steady-state spectra. For x = 0.57 a different
multiplet splitting is observed as compared to x = 0.1 due to the lowering of
the symmetry of the AO8 polyhedron of Eu3+. The intermediate values of x
show a gradual shift between these two extrema. This could however not
unambiguously be linked to the structural data, due to the large variety of
occurring distances and angles in the polyhedron.
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The results described in this chapter were published in:
Energy transfer in Eu3+ doped scheelites: use as thermographic phos-
phor
Katrien W. Meert, Vladimir A. Morozov, Artem M. Abakumov, Joke Hader-
mann, Dirk Poelman and Philippe F. Smet
Optics express 22 (2014) A961-A972
Thermography is probably not the first application that comes to ones mind
when thinking of phosphors. However, in some cases the luminescence has a
very specific temperature dependence, so that it can be used as temperature
sensor [1–5]. The use of phosphors as temperature sensors was put forward
by Neubert in 1937, and the first application dates back to the 1950’s, when a
phosphor was painted on the wing surfaces of a wind-tunnel model in order
to probe the temperature of the different parts [6–8].
This chapter describes the temperature dependent luminescence properties
of the CaGd2(1-x)Eu2x(WO4)4 (x = 0 to 1,  = vacancy) solid solutions and
discusses their potential application as thermographic phosphors. From
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now on the vacancies will be omitted in the chemical formula, as they are of
minor interest for this purpose. In general, the temperature dependence can
manifest itself in many different ways, but the three most important response
modes are the relative intensities of emission peaks, changes in decay time
and shifts in peak position [9–11]. For the presently investigated scheelites,
the focus will be on the fluorescence intensity ratio response mode. Kusama
et al. were among the first to discuss this technique for Y2O2S:Eu
3+, but
the intensity ratios of the Eu3+ transitions were insufficiently sensitive to
temperature to allow its use as thermographic phosphor [12]. Until now,
most research focused on Dy3+ or Sm3+ as more suitable thermographic rare
earth activators, using the temperature dependence of the intensity ratio of
different emission lines [13–17]. However, in this chapter it will be shown
that in the studied scheelite materials, the varying intensity ratio of the emis-
sion of the 5D0 and 5D1 energy level of Eu3+ is sensitive enough for use as
temperature sensor. The mechanism behind the temperature dependence is
explained by a phonon-assisted cross-relaxation process, and not by thermal-
isation like in most cases [18]. To demonstrate the feasibility and prospects
of the concept, a patterned resistive heater was coated with CaEu2(WO4)4
and illuminated with 465nm light. The temperature map obtained by using
the 5D0 to 5D1 intensity ratio showed high spatial resolution, in addition to
an excellent correspondence with the temperature map recorded by more
common infrared thermography.
8.1 Experimental section
Synthesis of the CaGd2(1-x)Eu2x(WO4)4 solid solutions: A solid state reac-
tion of the tungstates CaEu2(WO4)4 and CaGd2(WO4)4 was performed. The
CaGd2(WO4)4 and CaEu2(WO4)4 were prepared by heating stoichiometric
amounts of CaCO3, WO3, Eu2O3 and Gd2O3 at 823K for 10 h followed by
annealing at 1203K for 96 h in air. Appropriate amounts of CaEu2(WO4)4 and
CaGd2(WO4)4 were mixed to obtain CaGd2(1-x)Eu2x(WO4)4 and were subse-
quently annealed at 1203K.
Structural characterization: According to X-ray powder diffraction, the
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CaGd2(1-x)Eu2x(WO4)4 samples are single phase and possess a body-centered
monoclinically distorted scheelite-type structure. Upon the Gd/Eu substi-
tution, the lattice parameters vary from a = 5.2313(2)Å, b = 5.2436(2)Å, c =
11.4382(4)Å, γ = 90.600(2) ◦ for x = 0 to a = 5.2365(2)Å, b = 5.2629(2)Å, c =
11.4547(4)Å, γ = 91.152(2) ◦ for x = 1. Besides the reflections from this basic
monoclinic unit cell, satellites are visible on the X-ray powder diffraction pat-
terns. These satellites originate from incommensurately modulated ordering
of the A cations and vacancies. The detailed analysis of this modulation is
described and discussed in Chapter 4.
Spectral characterization: Luminescence emission and excitation spectra
were obtained with a FS920 spectrometer (Edinburgh Instruments), using
a 450W xenon light source, double excitation monochromator and a R928P
photomultiplier. All emission and excitation spectra were corrected for the
sensitivity of the spectrometer and the intensity of the excitation. Decay
times were collected using a pulsed dye laser (λexc = 385nm) based on optical
pumping by a nitrogen laser (λexc = 337nm, pulse duration < 1ns, 1Hz repe-
tition frequency) in combination with an intensified CCD detector (Andor
Instruments) coupled to a 0.5m monochromator. All measurements were
taken at room temperature unless mentioned otherwise, and the tempera-
ture dependent measurements were performed using an Oxford Optistat CF
cryostat.
Thermometry: The resistive heater was made by depositing a thin Al layer
by electron beam evaporation onto a AF45 glass substrate (Präzisions Glas &
Optik, 5×5cm2), through a mask. Some irregularities were introduced in the
heater to obtain temperature gradients upon application of a voltage over
the outer contacts. Finally, the patterned heater was covered with a 100nm
layer of Al2O3 by e-beam evaporation as a diffusion barrier. To deposit the
thermographic phosphor, 0.06g of CaEu2(WO4)4 was mixed with 0.18g of
Silres® (Wacker Chemie), painted on the patterned resistive heater and cured
for two hours at 200◦C. The material was excited with a Melles Griot ion laser
with an excitation wavelength of 465nm. The laser spot was expanded to ap-
proximately 3cm in diameter. Photos were taken with a Nikon D3200 digital
camera combined with a 535FS10-M52 green filter (Andover Corporation,
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transmission peak at 537nm, 10nm FWHM) or a red interference filter (peak
wavelength of 625nm) for selecting the green and red emission respectively.
To obtain the reference temperature plot a FLIR A35sc (48◦) infrared camera
was used (320 × 256 resolution, temperature range from −40◦C to 550◦C
with an accuracy of ± 5◦C).
8.2 Results and discussion


































Figure 8.1: a) Excitation spectrum of CaGd1.8Eu0.2(WO4)4 monitoring the
emission at 612nm. The Gd-related excitation peak at 313nm is indicated
by (*). b) Emission spectrum of CaGd1.8Eu0.2(WO4)4 upon excitation at
395nm. The electronic transitions for the main excitation and emission
peaks are indicated.
In Figure 8.1 the photoluminescence excitation spectrum for the compound
CaGd1.8Eu0.2(WO4)4 is shown upon monitoring the red emission at 612nm,
originating from the 5D0 → 7F2 transition within Eu3+. The excitation spec-
trum consists of intraconfigurational 4f6 - 4f6 transitions of Eu3+ in the 300 to
500nm region and a broad band in the region from 250 to 350nm. The most
intense Eu3+ 4f - 4f excitation peak is due to the 7F0 → 5L6 (395nm) transition.
The small peak at 313nm corresponds to the 8S7/2 → 6P7/2 transition within
the 4f7 configuration of Gd3+. As the 6P7/2 level is the lowest excited level
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Figure 8.2: Concentration dependence of the 5D0-7F2 emission intensity in
CaGd2(1-x)Eu2x(WO4)4 ·
of Gd3+, no luminescence is expected from Gd3+ due to re-absorption and
energy transfer to Eu3+. The presence of the 313nm peak in the excitation
spectrum of the Eu3+ emission points to energy transfer between the Gd3+
and Eu3+ ions. Apart from that, Gd3+ has only very little effect on the optical
characteristics, which is common in Eu3+- Gd3+ co-doped samples [19, 20].
The excitation spectrum is representative for all studied samples with com-
position CaGd2(1-x)Eu2x(WO4)4 (x = 0.01, 0.05, 0.1, 0.25, 0.5, 1). The band
with a peak at 285nm is ascribed to a combination of a charge transfer (CT)
transition from the 2p orbital of oxygen to the 5d orbital of tungsten in the
(WO4)
2 – group and an O2 – - Eu3+ charge transfer band [21–23]. A typical
emission spectrum is shown in Figure 8.1b. The induced electric dipole
transition 5D0 → 7F2 (λem = 600 - 620nm) dominates the spectra, but the
magnetic dipole 5D0 → 7F1 at 590nm is observed as well [24]. No additional
peaks or shifts in peak positions are observed when varying the europium
concentration, only the relative intensities change. For the remainder of this
dissertation we will describe the emission originating from the 5DJ level to the
7FJ’ ground state multiplet as ’
5DJ emission’. In Figure 8.2 the dependence of
the emission intensity of the 5D0 - 7F2 transition on the concentration of Eu3+
in CaGd2(1-x)Eu2x(WO4)4 is illustrated, which can be regarded as a measure
for the external quantum efficiency. As can be seen, the intensity reaches a
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maximum for x = 0.5 and levels off beyond that. Note that the concentration
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Figure 8.3: Decay of the 5D0 emission of CaGd2(1-x)Eu2x(WO4)4 for x = 0.1,
0.5 and 1 at 75K (a) and 475K (b).
The lifetime of the emission from the different 5DJ levels was found to be
independent of the final level 7FJ’. At 75K all samples show a similar mono-
exponential decay for the 5D0 emission (λexc = 385nm), with a decay constant
of 550µs (Fig. 8.3), in line with previously reported decay times for similar
materials [25–27]. For low dopant concentration, the decay profile shows
almost no temperature dependence in the 75K to 475K range. For the highly
doped samples, the temperature dependence is much more pronounced.
The sample with full Eu-substitution (CaEu2(WO4)4) has a mono-exponential
decay profile, but the decay time decreases gradually from 470µs at low tem-
perature to 230µs at 475K. For the intermediate case of CaGdEu(WO4)4 the
decay starts deviating from a mono-exponential profile upon increasing
temperature, and an accurate fit can be obtained by combining the low tem-
perature decay component (τ1 = 550µs) on the one hand and the changing
decay component (τ2 = 550µs to 230µs) of CaEu2(WO4)4 at all temperatures
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Table 8.1: Decay constant and fraction of the variable decay time compo-
nent of the 5D0 emission of CaGd2(1-x)Eu2x(WO4)4
x = 0.1 x = 0.5 x = 1
75K f2 = 0 f2 = 0.88 f2 = 1
- τ2 = 470µs τ2 = 470µs
300K f2 = 0 f2 = 0.83 f2 = 1
- τ2 = 280µs τ2 = 280µs
475K f2 = 0.2 f2 = 0.85 f2 = 1
τ2 = 230µs τ2 = 230µs τ2 = 230µs
on the other hand, in the following way:
















and remains constant over the whole temperature range (see Table 8.1).
Taking into account the limited size difference of Gd3+( r = 1.053Å) and Eu3+
(r = 1.066Å), we expect both cations to be uniformly distributed in the crys-
tal and no significant clustering of the Eu3+ ions is expected. For low Eu
concentrations, this will result in a relatively large average distance between
different Eu ions, leading to a low probability of Eu-Eu energy transfer. As the
Gd3+ ion is optically silent in the visible part of the spectrum, we can con-
sider the Eu3+ ion as an isolated center in the Gd3+ dominated host for these
low concentrations. For high Eu concentration, energy transfer is likely to
occur between the different europium ions and this is obviously the case for
the fully substituted CaEu2(WO4)4. Interestingly, we can consistently fit the
thermal behaviour of the decay for different dopant concentrations with only
two types of Eu ions (i.e. isolated ones and those showing energy transfer),
both characterised by their own specific thermal behaviour.
















































Figure 8.4: Temperature dependence of the emission output (λexc = 465nm)
of the low concentration (CaGd1.8Eu0.2(WO4)4) (a) and the high concentra-
tion (CaEu2(WO4)4) (b) samples. The intensities are obtained by integrating
over the wavelength ranges 535 to 545nm (5D1-7F1) and 585 to 600nm (5D0-
7F1).
The luminescence spectrum was monitored as a function of temperature in
the range from 75K to 475K to evaluate the thermal quenching behaviour.
For the samples with low Eu concentration, the thermal quenching profile
of the emission from the 5DJ levels is quasi-identical for all transitions. The
integrated luminescence intensities upon excitation at 465nm are shown
in Figure 8.4 for CaGd1.8Eu0.2(WO4)4, with each intensity normalised to the
value at 75K. At a temperature of 300K, the emission has dropped to 25 % of
the initial intensity at liquid nitrogen temperature, suggesting that at room
temperature a significant fraction of the emission is already quenched. This is
somewhat in contrast to the luminescence decay behavior (Fig. 8.2.2), where
hardly any shortening of the decay constants was observed upon increasing
the temperature. In principle, thermal quenching is accompanied by a faster
luminescence decay, due to an increase in non-radiative depopulation of the
excited states. This discrepancy might be related to the temperature depen-
dent absorption strength of the excitation light. Similar to the decay profiles,
the temperature dependence of the luminescence is completely different
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Figure 8.5: Decay of the 5D1 emission (λexc = 385nm) at 75K and 475K for
CaEu2(WO4)4. The fast decay component remains constant and equals
1.8µs. The slow decay component equals the decay constant of the 5D0
emission (Fig. 8.3) at the respective temperatures.
for higher Eu concentrations. The 5D0 emission has similar quenching be-
haviour compared to the samples with low Eu concentration, but for the 5D1
emission a strong absolute increase in intensity is observed for temperatures
above room temperature. This is illustrated in Figure 8.4b for CaEu2(WO4)4.
For higher Eu concentration the emission output and the decay profiles
show a marked temperature dependence and it is therefore expected that
energy transfer mechanisms play a role. In Figure 8.5, the decay of the 5D1
emission of CaEu2(WO4)4 is depicted and apparently it consists of both a
temperature independent component of the order of a microsecond and a
temperature dependent slow component. For Eu3+, the luminescence decay
is commonly much faster for the 5D1 emission than for the 5D0 emission,
due to non-radiative depopulation of the higher excited state, e.g. by phonon
relaxation or cross-relaxation processes. For higher dopant concentration -
and thus for higher probability of energy transfer - the emission from 5D1 is
often even not visible at all. Here we observe a fast component in the decay
for 5D1 emission with a decay constant of 13µs for CaGd1.8Eu0.2(WO4)4 and
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1.8µs for CaEu2(WO4)4, which is indeed considerably faster than the decay
of the 5D0 emission. In addition, an unexpectedly slow component with a
decay constant of hundreds of µs is observed as well. By comparing this slow
component of the 5D1 emission with the decay of the 5D0 emission at the
respective temperatures, a clear correspondence is observed. The fraction of
the slow component (defined by Eq. 8.2 ) in the decay of the 5D1 emission
varies from f2 = 0.3 at 75K to f2 = 0.8 at 475K. This hints to an increased
feeding of the 5D1 level from the 5D0 level upon increasing temperature for
CaEu2(WO4)4, by an energy transfer process. The same decay analysis was
performed for CaGd1.8Eu0.2(WO4)4 (not shown). Although some transfer
from 5D0 to 5D1 indeed occurs for these samples, the contribution is too low
to result in a considerable increase of the 5D1 emission beyond the normal
decay, which can also be observed in Figure 8.4a. The observed concentra-
tion dependence is a characteristic property of a cross-relaxation process,
so the rise in the 5D1 emission can be explained in the following way, with
the involvement of two europium ions initially in the excited 5D0 and the 7F2
state:
(5D0)ion2+ (7F2)ion1+phonons (885cm−1)→ (5D1)ion2+ (7F0)ion1 (8.3)
This cross-relaxation process, depicted in Figure 8.6, favors the 5D1 emission
of ion 2 (green arrow) at the expense of the 5D0 emission (red arrow), due
to the transfer of the 7F2 - 7F0 energy difference (green dotted arrow) from
ion 1 (see Fig. 8.6). As this is not a resonant process, phonons are needed
to overcome the energy difference between 7F2 - 7F0 (1000cm−1 ± 100cm−1)
and 5D0 - 5D1 (1885cm−1 ± 100cm−1) respectively, with the positions of the
energy levels for the 2S+1LJ manifolds deduced from the emission spectrum.
For higher Eu concentrations, this cross-relaxation process is more likely to
occur due to a reduced average distance between the Eu ions. Note that a
similar temperature dependence was observed for the emission of Eu3+ and
Dy3+ in GdVO4 by Nikolic´ et al., where the thermal quenching was explained
by thermalisation from the lowest to the highest excited level [28]. As ther-
malisation cannot account for the observed concentration dependence, this
seems not a suitable explanation here.


















Figure 8.6: Eu3+ energy level scheme illustrating the phonon-assisted cross-
relaxation process
The involvement of the phonons in eq. 8.3 accounts for the observed temper-
ature dependence. This thermally assisted cross-relaxation should indeed
result in a slow component in the decay of the 5D1 emission, comparable
with this for the 5D0 emission, as the energy transfer can only occur as long
as the 5D0 level remains populated. Note that the same temperature depen-
dency for the decay constant of the 5D0 emission (Table 8.1) and the slow
component in the 5D1 emission (Fig. 8.5) is found.
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8.2.4 Use of CaEu2(WO4)4 as thermographic phosphor
Because of the strongly changing emission characteristics upon increasing
temperature for CaEu2(WO4)4, this material is suitable as thermographic
phosphor. Figure 8.7 a shows the ratio of 5D1 to 5D0 emission intensity as
a function of temperature. The intensities are obtained by integrating over
the wavelength ranges 535 to 545nm (5D1 - 7F1) and 585 to 600nm (5D0 -
7F1) respectively, upon steady state excitation at 395nm. However, one is not
limited to this excitation wavelength and specific 5DJ - 7FJ’ transitions, as the
cross-relaxation mechanism only depends on the emitting 5DJ levels. Due
to the non-resonant character of the cross-relaxation process, the 5D0 and
5D1 energy levels need to be thermally coupled for the process to occur. In
case of thermal coupling, it can be shown that the relative population of both









with B depending on the degeneracy, emission cross-section and angular
frequency of the respective levels, k the Boltzmann constant, T the absolute
temperature and ∆E the energy difference between the involved states [29–
31]. The uncertainty of the experimental data in Figure 8.7a is of the order
of a few degrees Celsius. The Arrhenius plot of this ratio is given in the
inset of Figure 8.7, and the fit was obtained by varying both B and ∆E. The
fitted value of 1068cm−1 for ∆E should be compared with the energy of the
phonons needed for the process. This energy is determined by the mismatch
between the 7F2 - 7F0 (1000cm−1 ± 100cm−1) and 5D0 - 5D1 (1885cm−1 ±
100cm−1) energy difference. The variation on each energy difference arises
from the multiplet splitting of 7F2 and 5D1. This value agrees reasonably
well with the fitted value of 1068cm−1, so the use of the Boltzmann equation
is validated. The one to one correspondence between the data and the fit
makes CaEu2(WO4)4 applicable as thermographic phosphor from 300K to at
least 500K. For a quantitative comparison of thermographic phosphors, the
relative sensitivity Srel is the most appropriate parameter and is defined as










The resulting curve is given in Figure 8.7. The sensitivity varies from 0.014
at 300K to 0.0047 at 475K. These values are slightly lower than the relative
sensitivities for other Eu3+ doped thermographic materials. For example Eu3+
doped (Y0.75Gd0.25)2O3 has a maximum relative sensitivity of 0.025K
-1 [28].
On the other hand, the scheelite thermographic phosphor has a much larger
temperature operation range compared to other materials that make use
of a relative method to measure temperature, the so-called self-referencing
materials [34]. Compared to the performance of Dy3+, Sm3+ and Nd3+ doped
materials or up-conversion nano-particles, the obtained maximum sensitiv-
ity is similar or even higher [15, 16, 34–39].
Figure 8.7: a) Ratio (R) of the integrated intensities of the 5D1 to 5D0 emis-
sion for CaEu2(WO4)4 and the corresponding Arrhenius plot (inset). b)
Calculated relative sensitivity Srel as a function of temperature.
Proof of Concept
To prove its usefulness in thermal imaging, CaEu2(WO4)4 phosphor pow-
der was mixed in a 1:3 weight ratio with SILRES® binder and coated onto a
patterned, purposely made resistive heater (Fig. 8.8) to obtain an inhomoge-
neous temperature distribution. The device was heated to a maximum local
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temperature of about 150◦C. Then, the coated heater was illuminated with
the 465nm emission of an Ar laser to excite Eu3+ via the 7F0 - 5D2 transition.
In order to map the temperature gradients of the heated surface, pictures
were taken with a Nikon D3200 digital reflex camera combined with a green
and a red narrow band filter, collecting the relevant fractions of the green
5D1 and the red 5D0 emission separately. Images were read out in the NEF
data format, and divided pointwise using MATLAB®. Using Eq. 8.4, a thermal
map was obtained (Figure 8.8, middle). As a reference, images were made
with a thermal imaging infrared camera (Figure 8.8, right). For both types of
measurements, a horizontal and a vertical temperature profile was extracted
from the corresponding thermal maps (Fig. 8.9) at the positions indicated
on the photograph of the coated heater (Fig. 8.8, left). It can be seen that
the thermographic scheelite phosphor is capable of reproducing the tem-
perature gradients in a very accurate way, which proves the applicability of
the material in the postulated temperature range. A major advantage spe-
cific for this response mode is that there is no need for an absolute intensity
measurement, eliminating errors introduced by fluctuations in excitation
intensity and light collection efficiency [32]. This, together with the obtained
high spatial resolution and the non-destructiveness of the method makes the
material a very promising candidate for thermometry. Indeed, after use, the



















Figure 8.8: Patterned resistive heater with cross-sections for the vertical
and horizontal profile indicated by the black lines (left). Temperature plot
of the patterned resistive heater, imaged with the use of the thermographic
phosphor (middle) and with an infrared camera (right).














































Figure 8.9: Horizontal (a) and vertical (b) temperature profiles extracted
from the temperature plots in Figure 8.8.
8.3 Conclusion
In this chapter, we investigated the temperature dependence of both the
luminescence and the decay pathways of CaGd2(1-x)Eu2x(WO4)4 scheelites in
a systematic way. All phosphors emit intense red light dominated by the 5D0
- 7F2 transition at 612nm, and have similar excitation and emission spectra.
The temperature dependence of the 5DJ emission intensities was however
found to be strongly dependent on the europium concentration. For high Eu
concentration strong cross-relaxation occurred upon increasing temperature
due to energy transfer between nearby Eu ions. This cross-relaxation mani-
fests itself in an increasing emission from the 5D1 level, characterised by the
same decay time as the 5D0 emission, upon increasing temperature. Because
of this specific temperature dependence, CaEu2(WO4)4 was proven to be
suitable for intensity ratio based temperature measurements. The ratio of
the 5D1 to 5D0 emission intensity follows a Boltzmann distribution equation,
so that an accurate estimate of the temperature can be made in the range
from 300K to at least 500K by measuring the relative emission intensity of
both peaks.
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8.4 Outro
For luminescent materials, the first and most obvious application to think
about is the use as conversion phosphor in LEDs. However, for this appli-
cation, the luminescent material should meet certain requirements, which
are not all straightforward to achieve by materials doped with Eu3+. The
first problem arises from their excitability, which determines the (external)
conversion efficiency of the material. High efficiencies can only be obtained
if the excitation spectrum of the phosphor coincides with the emission spec-
trum of the pumping LED, typically situated in the near-UV to blue region. At
first glance, the 7F0 → 5L6 transition at 395nm or the 7F0 → 5D2 transition at
465nm seems suitable for pumping, if it were not for their small linewidths as
compared to the emission spectrum of the LED and their limited absorption
strength. Both will limit the conversion efficiency and compromise their
application potential. In general, if free choice between both transitions is
possible, preference is given to the 7F0 → 5L6 transition, as the small linewidth
of this transition can partially be compensated by the large variety of lines
situated around this transition, as can be seen in the excitation spectrum in
Figure 8.1. By contrast, for the 7F0 → 5D2 transition no surrounding peaks are
observed due to the large energy gap between the 5D2 multiplet and other
energy levels. A second restriction on the use of Eu3+ doped materials is
owing to the slow decay of the main 5D0 emission. Conversion phosphors
for high power LED are typically subject to high photon fluxes. For materials
with a long decay time this can lead to saturation effects and non-linear
behaviour. As such, typical Eu3+ based phophors are only useful for lower
power applications such as remote phosphors [40].
Specifically for these scheelite materials, the limited thermal stability (Fig.
8.4) makes them unsuitable as conversion phosphors even at room tempera-
ture. On the other hand, this type of thermal quenching profiles proved to be
ideal for temperature sensing. It was experimentally shown that the phosphor
was able to reproduce temperature gradients with high accuracy and spatial
resolution, confirming its applicability for thermometry and thermography.
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Measurements were found to be reproducible upon consecutive heating
cycles and did not lead to degradation of the material. As discussed above,
a temperature dependent cross-relaxation process causes the necessary in-
crease in 5D1 emission and therefore sufficiently high Eu3+ concentrations
are requisite. Luckily, for these materials there is no strong concentration
quenching and relatively high efficiencies can be obtained even at these large
Eu3+ concentrations. Due to the relative response mode, there is no need
for absolute measurements and the calibration curve is directly applicable.
Moreover, the choice of excitation wavelength is not limited to 465nm as was
used here and the only restriction on this excitation wavelength is related to
the population mechanism of the 5DJ levels after excitation. This population
mechanism can be temperature dependent, which becomes a problem if
this temperature dependency is different for both 5DJ levels. If there is a
dependency on the 5DJ level, this would result in a varying population with
temperature and thus different ratios in the 5D0 to 5D1 emission than the
one for which the calibration curve is constructed.
The main disadvantage of the present phosphor is the relatively low inte-
grated emission intensity from the 5D1 emission compared to the dominating
5D0 emission. This lengthens the acquisition time for the thermal imaging
strongly, complicating its application. Higher 5D1 emission intensities could
possibly be obtained if the cross-relaxation process is further optimized. This
optimization can be achieved by making the phonon energies more reso-
nant with the energy gap which needs to be bridged. This would require
a change in the host composition and thus in the phonon energy. For ex-
ample, the same temperature dependence was encountered in the series
CaGd2(1-x)Eu2x(MoO4)4, unfortunately this did not lead to an improved quan-
tum efficiency. In addition, a suppression of the non-radiative decay paths
would be opportune in the achievement of higher intensities as well.
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In this chapter, the temperature dependence of the luminescence output of
PbWO4: Tb
3+ is investigated. In this material there are different luminescent
centres, connected through energy transfer mechanisms. As some of these
transfer mechanisms are temperature dependent, the thermal quenching
profiles of the different luminescent contributions show a dependency on the
excitation wavelength. The aim is to develop a theoretic model in which all
the luminescent centres are taken into account and which is able to describe
all the experimental data. By translating this model into a set of coupled
differential equations, and fitting the solution to the experimental data, an
indication of the significance of the theoretical model can be obtained.
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In the Tb3+ ion, characteristic radiative electronic transitions occur from
the 5D4 and 5D3 multiplets towards the lower-lying 7FJ multiplets within the
4f8 configuration. As dopant, the Tb3+ ion can be photo-excited in different
ways:
• By an internal transition within the 4f8 configuration.
• By an internal interconfigurational 4f8-4f75d1 transition [1].
• By a charge transfer transition. An electron is then removed or added
to the 4f shell of the Tb3+ ion. For the case where an electron is added,
typically coming from a nearest neighbor anion, often no specific name
for this charge transfer (CT) is used, however sometimes referred to
as a Ligand-to-Metal Charge Transfer state (LMCT) [2]. On the other
hand, when an electron is removed from the 4f shell, it can be trans-
ferred to the unfilled nd shell of a nearby transition metal ion. This
heteronuclear metal-to-metal charge transfer state (MMCT) is often
referred to as an intervalence charge transfer, although this name was
initially reserved for homonuclear MMCT states by the IUPAC [3, 4].
• The energy of an electron-hole pair can be transferred to a Tb3+ defect.
Electron-hole pairs can only be created when the photon energy of the
excitation light exceeds the host’s band gap energy [5].
• If defects, other than Tb3+ dopants under study, are present in the
material, energy absorbed by the additional defect can be transferred
to the Tb3+ ion if the distance between both is sufficiently small and a
spectral overlap exists between both defects [6].
These different kinds of electronic transitions take place between energy
levels. When the relevant energy levels are accurately known, not only the
interpretation of electronic transitions can be facilitated, but also their re-
sponse to external parameters such as temperature can be assessed. In reality,
obtaining accurate energy levels schemes is not straightforward due to over-
lapping spectral features and the presence of radiative and non-radiative
energy transfer paths, which are often temperature dependent. Additionally,
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when two Tb3+ ions are sufficiently close to each other, energy transfer be-
tween both ions can occur via a quasi-resonant cross-relaxation process as
the large energy difference of±0.72eV between the 5D4 and 5D3 multiplets ex-
cludes multiphonon relaxation at moderate temperature. If cross-relaxation
takes place, 5D4 emission can be observed upon direct excitation of the 5D3
multiplet [7, 8].
The host material under study, PbWO4, is a member of the scheelite family [9].
It crystallizes in different polymorphs of which two exist as mineral, i.e. tetrag-
onal stolzite and monoclinic raspite. In this work, the former polymorph is
investigated. The stolzite structure (space group I 41/a) is characterized by a
unit cell with one lead and one tungsten Wyckoff site, both exhibiting the S4
point symmetry of the distorted dodecahedron, typical for scheelites [10].
When interstitial incorporation is discarded, the Tb3+ optical dopant can be
incorporated in the PbWO4 structure in two possible ways, i.e. substituting
for a Pb2+ (r = 1.33Å) cation or substituting for a W6+ (r = 0.74Å) cation. From
ionic conductivity measurements, Groeninck and Binsma found that a Y3+
dopant occupies a tungsten site rather than a lead site, and increases the
concentration of oxygen vacancies as a consequence of charge compensation
[11, 12]. As Tb3+ (r = 1.06Å) has a very similar ionic radius as well as chemical
behavior than Y3+ (r = 1.04Å), this argument assigns the Tb3+ defect to a W
site in the PbWO4 crystal. However, Takai et al. ascribe the oxide ion con-
duction to the interstitial oxide ions caused by substitution of the aliovalent
element Tb in the Pb site [13]. The general opinion favours the occupation of
the Tb3+ ion at the Pb site in the PbWO4 crystal [14–17].
Optical spectroscopy of undoped PbWO4 crystals has been performed by
multiple authors because of their potential application as scintillation ma-
terial [18–20]. Groenink and Blasse elaborated on the early work of Kröger
and Van Loo [11]. They found two emission bands which were assigned
as blue (peaking around 3.10 eV) and green (peaking around 2.40 eV). The
blue emission was attributed to transitions within WO2−4 centres, i.e. radia-
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tive annihilation of self-trapped excitons. These charge transfer transitions
are thus responsible for the optical band gap of pure PbWO4 crystals. The
green emission band is excited at energies below the optical band gap and
related to defect emission from an isolated oxygen vacancy, i.e. a WO3 centre
[11]. Babin et al. distinguished two green emission bands, one arising from
WO2-4 centres in the close vicinity of lead-deficient regions and one arising
from WO3 centres [21]. Besides these blue and green luminescent centres,
emission is observed attributed to other luminescent centres e.g. a centre
originating from the presence of Pb3+ in PbWO4. This leads to a shift of the
oxygen ions and the creation of a vacancy which lowers the symmetry of this
WO3 centre, leading to a red shift of the energy levels. Another type of defects
is related to the presence of molybdenum impurities in the material [22].
Interconfigurational 4f8-4f75d1 transitions of Tb3+ are not expected to play a
role in the luminescence and excited state dynamics of PbWO4:Tb3+. In the
case of Ce3+ doping in the same host, the 5d level of the Ce3+ ion is estimated
3.4−3.5eV above its 4f ground state. If a constant redshift of the 5d level in
the PbWO4 host as a function of trivalent lanthanide dopant is assumed, the
energy of the local 4f8-4f75d1 transition in PbWO4:Tb3+ is expected at about
5.1eV, which is larger than the optical band gap of the host [1, 18, 23].
Novosad et al. investigated luminescence of PbWO4: Tb3+ with synchrotron
and laser radiation and attributed the origin of the host emission to an ex-
citon in the WO2-4 groups at regular sites (blue host emission) and at defect
sites (green defect emission). In addition they observed 5D4 emission from
Tb3+ [24]. Nikl et al. investigated the scintillation properties of PbWO4 with
different dopants including Tb3+, Sm3+ and Pr3+ [23].
Here, the study is performed on four different samples: PbWO4 without
intentionally introduced impurities and PbWO4:Tb3+ with doping concen-
trations of 1%, 2% and 5%. The non-doped sample will allow to investigate
the host-related characteristics, as a good knowledge of the excited states of
the host crystal is necessary for a further correct assignment of the various
luminescent characteristics of the Tb doped compounds.
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9.1 Experimental
PbWO4:Tb3+ powders were prepared by a solid state synthesis of 8 hours
at 800◦C in air with PbNO3 (Pro Analyse) and WO3 (Alfa Aesar, 99.8%) as
precursors. Tb was added in the form of TbF3 (Alfa Aesar, 99.9%). The same
molar concentration of NaF (Alfa Aesar) was added for (partial) charge com-
pensation. Phase purity of the obtained powders was verified through X-ray
diffraction (XRD) on a Siemens D5000 diffractometer (40 kV, 40 mA) using
CuKα1 radiation and comparison of the obtained XRD pattern with ICSD No.
16189 [25].
Steady state photoluminescence emission and excitation spectra were mea-
sured with an Edinburgh FS920 fluorescence spectrometer while time-resolved
measurements were performed with an intensified CCD (Andor iStar DH720),
combined with a Jarrel-Ash monochromator upon pulsed nitrogen laser exci-
tation (λexc = 337nm, pulse <1ns) and if desired combined with a dye laser
module (λexc = 380nm).
Diffuse reflectance spectroscopy was performed with a Varian Cary 500 spec-
trophotometer, equipped with an internal 110mm BaSO4-coated integrating
sphere.
Temperature dependent measurements were performed by putting the pow-
ders inside a crysotat (Oxford Instruments Optistat CF), with temperature
range from 4.2K to 475K.
9.2 Results
9.2.1 Diffuse reflectance spectroscopy
From the diffuse reflectance spectra, the Kubelka-Munk spectra were calcu-
lated (see Fig. 9.1) and a value of 3.87± 0.10eV was found for the optical band
gap [26]. The electronic band gap is then estimated to be 4.18 ± 0.25eV upon
using the empirical proportionality factor of 1.08 [27, 28]. Though this factor
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was obtained with a rather low accuracy from self-trapped exciton energies
in binary halides, it is frequently used for hosts of different composition [29].
Absorption bands of intrinsic defects are known to be present at energies
around the fundamental absorption offset, but the concentration of defects
is assumed to be sufficiently low to rely on the above optical band gap value.
Doping with Tb does not significantly change the shape of the diffuse re-
flectance spectra, however for 5% Tb3+ the absorption edge appears to shift.
Nikl et al. explained this in the case of PbWO4: Pr3+by a charge transfer
transition from oxygen to the dopant, or to a type of charge transfer between
oxygen ligands and WO2-4 - RE centres, however they observed a larger shift
than the one observed here. Kobayashi et al. ascribed this to a perturbation
induced by the introduction of dopants [18, 30]. The spectra of PbWO4: 1%
Tb3+ and 5% Tb3+ show no strong Tb 4f-4f absorption due to the low absorp-
tion cross-section of these transitions. In addition, two extra bands around
425nm and 350nm can be observed for these materials, possible related to
new defects.
















Figure 9.1: Kubelka-Munk spectra for the undoped, 1% Tb3+ and 5% Tb3+
sample.
9.2.2 Luminescence excitation and emission spectra
Luminescence excitation and emission spectra were measured at low temper-
ature to reduce the thermal effects. At 10K, excitation at 270nm in undoped
PbWO4 results in a blue emission band peaking at 420nm whereas excita-
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tion at 340nm gives rise to an emission band with maximum intensity at
530nm (Fig. 9.2, right). The excitation spectrum of both (monitored at λem =
420nm and 575nm) is illustrated in Figure 9.2 on the left. The blue emission
is generally ascribed to emission of the WO2−4 complex [31] and its excita-
tion spectrum peaking at 280nm indeed coincides roughly with the diffuse
reflectance spectrum of the undoped PbWO4. The centre has a nearly tetrahe-
dral site symmetry, with the lowest lying excited states being the two almost
degenerate triplet levels 3T1 and 3T2. Excitation takes place from the 1A1
ground state to the singlet states 1T1 and 1T2 whereas luminescence arises
from the spin forbidden 3T1 → 1A1 transition [22, 32]. Annenkov et al. located
the transition to the singlet states at 275nm and to the triplet state at 325nm
[22]. The green emission on the other hand is associated with a transition
in a centre with an oxygen ion vacancy and its excitation spectrum exhibits
an extra band at 3.7eV, which is absent in the diffuse reflectance spectrum.
Probably, the contribution of these defect centres in the total spectrum is
there too low to be observed. At 310nm an extra peak can be observed, which
also appears in the excitation spectrum of the blue host emission at higher
temperatures.
The emission spectrum at room temperature and the excitation spectra at
10K of the Tb3+ doped samples (1% Tb3+ and 5% Tb3+) are shown in Fig.
9.3 for the emission from the 5D3 (left, λem = 435nm) and 5D4 (right, λem =
545nm) level. The band gap absorption is clearly present in both spectra, but
the absorption band attributed to the defect centres situated around 340nm
can only be detected in the excitation spectrum of the 5D4 emission and is
more prominent for high Tb3+ concentrations. After excitation in the defect
centres the energy transfer to the Tb3+ ions apparently skips the 5D3 level.
No extra bands as compared to the excitation spectrum of the host emission
are found. At lower energies the characteristic 4f8-4f8 transitions of Tb3+ are
present.
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Figure 9.2: Left: Excitation spectra of the blue host (solid blue line, λem =
400nm) and green defect (dotted black line, λem = 575nm) emission bands
of undoped PbWO4, measured at 10K. Right: Spectra of the blue host (solid
blue line) and green defect (dotted black line) emission bands of undoped
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5% Tb3+λexc = 270 nm
Figure 9.3: Left: Emission spectrum (λexc = 270nm) of the Tb-doped
PbWO4 samples (1% and 5% Tb3+) at room temperature. Middle: Excitation
spectra of the Tb3+ 5D3 emission in PbWO4 for different Tb3+ concentra-
tions (λem = 435nm). Measured at 10 K. Right: Excitation spectra of the Tb3+
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Figure 9.4: Emission spectra (λexc = 270nm (left) and λexc = 340nm (right))
of the Tb-doped samples at 10K.
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In Figure 9.4 the emission spectrum upon excitation at different wavelengths
is shown at 10K. Excitation in both WO2-4 (λexc = 270nm) and WO3 (λexc =
340nm) centres results in their respective intrinsic emission, which is now
only visible as a weak background, together with 5D3 and 5D4 emission from
the Tb3+ ion. Apparently the energy transfer from the host to the Tb3+ ions is
not complete especially for the low Tb3+ concentrations. Direct excitation
of the defect centres indeed lacks 5D3 emission. Zooming in on the 5D4-
7F5 transition (λem = 545nm) of Tb3+, some significant spectral differences
are found upon excitation at different wavelengths (Fig. 9.5). Excitation of
the defect centres (λexc = 340nm) results in an asymmetric broadening of
the two most prominent peaks as compared to excitation across the band
gap (λexc = 270nm). The first peak broadens towards shorter wavelengths,
the second one to longer wavelengths and this spread of the energy levels
must be the consequence of a larger crystal field felt by the Tb3+ ions. For
excitation at 270nm and 340nm apparently two different sites for the Tb3+
ions are addressed, which is often referred to as site selective excitation.
Direct excitation to the 5D3 level of Tb3+ (λexc = 378nm) results in a super-
position/combination of the two spectra and both types of Tb3+ ions are
apparently excited. The above description is valid for the 5% Tb3+ sample,
for the other Tb3+ concentrations the superposition is far less explicit (Fig.
9.5, right). Apparently the Tb3+ ions show a preferential occupation for the
normal sites and only when the concentration is large enough, the Tb3+ ions
occupy sites near defect centres.
9.2.3 Thermal quenching of host and Tb3+ emission
First, the thermal quenching of the host emission of undoped PbWO4 is
investigated, discriminating between excitation across the band gap (λexc
= 270nm) and excitation of the defect centres (λexc = 340nm). Second, the
intensity of both the host and Tb3+ emission is investigated for PbWO4: Tb3+
in a temperature range from 75K to 475K for three cases: excitation across
the band gap, of defect centres and, only for the Tb3+ emission, to the Tb3+
levels. This direct excitation can be analysed both by thermal quenching and
by the temperature dependent decay characteristics of the emission.
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Figure 9.5: Left: 5D4-7F5 transition of Tb3+ upon excitation at 270nm,
340nm and 378nm at 10K for PbWO4: 5% Tb3+. Right:5D4-7F5 transition of
Tb3+ upon excitation at 378nm at 10K for PbWO4: 1%, 2% and 5% Tb3+.
The investigated characteristics of the Tb3+ emission are only dependent on
the emitting 5DJ energy level and not on the final 7FJ level, therefore one
transition for each energy level is taken as representative for all the emission
coming from the respective energy levels. The obtained data points in the
thermal quenching profiles correspond to the integrated intensities of the
5D3 → 7F4 (432 to 442nm) and 5D4 → 7F5 (535 to 555nm) transition.
The solid and dashed lines are the fits of the solutions of the rate equations
of section 9.3 and their meaning will become clear in that section.
Undoped PbWO4
For the undoped samples, excitation over the band gap (λexc = 270nm) re-
sults in a constant emission intensity (λpeak = 420nm) up to 175K after
which the intensity drops dramatically (Fig. 9.6, left). Between 175K and
room temperature, the emission spectrum shifts to longer wavelengths (not
shown) pointing to an increased contribution of defect emission in the total
spectrum.
Direct excitation of the defect centres (λexc = 340nm) shows thermal quench-
ing of the green emission from 75K on. No temperature dependent shift in
the emission spectrum is observed for this excitation wavelength (Fig. 9.6,
right).
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For both blue host and green defect emission, the excitation band associated
with the band gap shows a broadening towards longer wavelengths upon
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Figure 9.6: Left: Thermal quenching of the host emission upon band gap
excitation (λexc = 270nm). The diamonds are the integrated intensities
(λem = 350−420nm). The solid lines are the solutions of Eq. 9.2a (solid
black line) and Eq. 9.2b (dashed green line). Right: Thermal quenching of
the green defect emission (λexc = 340nm). The diamonds are the integrated
intensities, the solid and dashed line are the fits of the solution of Eq. 9.2b.
PbWO4: Tb3+
Comparing these profiles with the Tb3+ doped samples is indicative for the in-
fluence of the Tb3+ doping on the excited state dependencies. No subsequent
energy transfer processes are expected to occur.
• Excitation at 270 nm
The quenching profile of the host emission after excitation across the band
gap (Fig. 9.7, black circles) shows two main differences compared to the
undoped samples. Firstly, the decrease in intensity starts at a lower tempera-
ture, 125K instead of 175K, and secondly, the decline of the decrease is less
extreme. Both are probably related to the extra energy transfer path towards
the Tb3+ ion.
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The thermal quenching profile of the 5D4 emission (Fig. 9.7, green squares)
can be subdivided in three parts irrespective of the Tb3+ concentration. Be-
tween 75K and 125K the emission remains more or less constant, after which
the intensity starts to increase to reach its maximum at 175K. Going to higher
temperatures results in a decrease of the emission intensity. The concentra-
tion dependence manifests itself in the difference in intensity at 75K with
respect to the intensity at 175K. The higher the Tb3+ concentration, the
higher this initial relative intensity. At 125K, when the host emission starts to
decrease (black circles), the Tb3+ emission starts to increase. The decrease
of the Tb3+ emission, starting from 175K coincides with the decrease of the
host emission of pure PbWO4 (Fig. 9.6, left).
The thermal quenching behaviour of the 5D3 and 5D4 emission (Fig. 9.7,
blue diamonds) is comparable, only the relative emission intensity of the 5D3



















































100 200 300 400
1% Tb 2% Tb 5% Tb







Figure 9.7: Thermal quenching of the blue host emission (black), 5D3 emis-
sion (blue) and 5D4 emission (green) of PbWO4:Tb3+ (1%, 2% and 5%) upon
excitation at 270nm. The symbols are the integrated emission intensities,
the solid lines are the solution of Eqs. 9.3.
• Excitation at 340 nm
The green defect emission, excited at 340nm shows immediate quenching
from 75K (Fig. 9.8).
The quenching profile of the emission coming from the 5D4 level is the same
for all Tb3+ concentrations and comparable with the profile of the defect
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emission itself. No temperature dependent energy transfer process occurs
between the defect centres and the Tb ions. Note that the 5D3 level cannot be
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Figure 9.8: Thermal quenching of the green defect emission (black) and
Tb3+ 5D4 emission (green) of PbWO4:Tb3+ (5%) upon excitation at 340nm.
The symbols are the integrated emission intensities, the solid and dashed
lines are the solution of Eqs. 9.3.
• Excitation to a 5DJ level of Tb3+
Upon direct excitation of the 5D3 level of Tb3+, both 5D3 and 5D4 emission is
observed. The decay profiles of the 5D3 emission are shown in Figure 9.10
(left), recorded at 75K upon excitation at 380nm. This decay is not mono-
exponential and the deviation from a single exponential becomes more sig-
nificant for increasing Tb3+ concentration. Furthermore, a build-up in the
intensity of the 5D4 emission is observed during the first few microseconds
(Fig. 9.10, right). In Figure 9.9 the emission spectra at 75K upon excitation
to the 5D3 level are shown and a decreasing fraction of 5D3 emission rel-
ative to 5D4 emission is observed for increasing Tb3+ concentration. The
decay profiles as well as the emission spectra prove the existence of a cross-
relaxation process between the two emitting energy levels. The temperature
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Figure 9.9: Emission spectrum (λexc = 377nm) normalised to the peak of









































Figure 9.10: Right: decay profiles of the 5D3 emission of PbWO4: 1%, 2%
and 5% Tb3+ at 75K (λexc = 377nm). Left: a zoom on the first microseconds
of the 5D4 and 5D3 emission.
dependence of the emission efficiency of the 5D3 level manifests itself by
the decay profiles and steady state spectra. From Figure 9.11 (left) it can be
seen that the intensity of the 5D3 emission remains more or less constant up
to room temperature after which the decrease sets in. The emission from
the 5D4 level follows the same trend pointing to a temperature independent
cross-relaxation process. This quenching behavior is encountered for the
decay profiles as well. Indeed in Figure 9.11 (middle and right), the decay of
the 5D3 emission (1% Tb3+) is depicted at 75K and 350K. Independent of the
Tb concentration, the decay starts to fasten from room temperature onwards.
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The large spread on the data points should be no surprise for excitation to a
4f-level of a lanthanide as fluctuations in the absorption strength occur due
to thermally induced excitation towards higher lying crystal field levels of the
7F6 multiplet and the broadening of the absorption lines. In addition, the low
absorption efficiency of this energy level, as can be seen from the excitation


































Figure 9.11: Left:Thermal quenching of the 5D3 (blue) emission and 5D4
(green) emission of PbWO4: Tb3+ (1%) upon excitation at 378nm. Middle
and right : Decay profiles of the 5D3 (blue) and 5D4 (green) emission at 75K
(middle) and 350K (right). The diamonds (5D3) and squares (5D4) are the
integrated emission intensities, the solid lines are the solutions of Eqs. 9.4.
Determining the efficiency of the emission from the 5D4 level is even less
straightforward. The low absorption strength of the 5D4 level excludes direct
excitation to this level, making thermal quenching profiles obtained from
steady spectra not convenient to investigate the efficiency. Therefore, only
the temperature dependence of the decay profiles is used for evaluation.
These profiles are shown in Figure 9.12 (left) for different Tb3+ concentra-
tions at 75K (λexc = 337nm). At 75K, the decay profiles are characterized by
two exponential contributions, with decay constants of 0.63ms and 65ms.
The fraction of this slow component is only 2% of the total decay and thus
negligble for the discussion. For 1% Tb3+ the slow component has already
disappeared at 250K whereas for 5% Tb3+ it is observed until 350K. The decay
profiles at 475K are shown in Figure 9.12 (right). The main decay component
of the 5D4 emission remains stable for all Tb3+ concentrations with varying
temperature, only from 400K on, a slight decrease sets in.
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Figure 9.12: Decay profiles of the 5D4 emission at 75K (left) and 475K (right)
upon excitation at 337nm. The inset shows the decay times as a function of
temperature for PbWO4: 5% Tb3+.
9.3 Discussion
The above results indicate that multiple factors influence the quenching
of a luminescent centre. Depending on the excitation wavelength and the
type of sample, different temperature dependencies are found for the same
luminescent transitions. In the following, an attempt is made to point out
the involved mechanisms between the host-related centres, between the
host-related centres and the Tb ions and between the Tb ions themselves.
All these processes are introduced in rate equations for the involved energy
levels. The fit of these equations to the experimental data will give both a
quantitative and qualitative indication of the different processes.
9.3.1 Host-related excitation
Tb3+ emission upon excitation in host-related features points unarguably
to an energy transfer process between host and impurity ions. The thermal
quenching profiles can at least partly reveal the transfer channels between
both. As already mentioned, in lead tungstate without intentional doping,
luminescence occurs mainly due to transitions in WO2-4 centres. The transi-
tions take place from one of the 2p oxygen shells to the empty 5d shell of W6+.
The break up of the closed shell condition by this valence excitation involves

























Figure 9.13: Configurational coordinate diagrams of the WO2−4 , WO3 and
Tb3+ centres in PbWO4. This figure serves as a conceptual guide while
reading the text. STE stands for self trapped exciton and the symbols are
defined throughout the text.
a considerable lattice relaxation. This strong electron-lattice coupling makes
trapping of the electronic excitation possible, resulting in a self-trapped exci-
ton (STE) which will largely influence the luminescence and energy transfer
properties of the material [24, 31, 33, 34].
Taking this self-trapped exciton into account, the observed thermal quench-
ing in the undoped sample can be explained as follows. Excitation at 270nm
results in a number of self-trapped excitons which can decay radiatively with
a certain decay rate τh observed as the blue host emission peaking at 440nm.
If temperature is sufficiently high, the available thermal energy can equal
the activation energy of the exciton, allowing energy migration through the
crystal. The diffusion of these excitons is a multistep energy transfer process
and the energy can reach activator ions or defects in the material. These
activators and/or defects can at their turn emit light, or for some specific
types of defects decay non-radiatively and thus quench the luminescence.
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In this way, Tb ions can be considered as activators and will be discussed
later. One of the possible defects are the WO3 centres causing the green
defect emission peaking at 550nm [35]. The temperature dependence of the







Next to this excitation across the optical band gap, direct excitation of the
defect centres is considered as well. The observed quenching and absence of
a shift in the emission spectrum points to quenching due to photoionization
through the conduction band without transfer to the WO2-4 centres. In order
to formulate the rate equations, it is sufficient to consider two host-related
states. The first one represents the triplet state of the WO2-4 centre responsible
for the blue host emission with population Nh , corresponding to the number
of excited ions and the second one refers to the emitting level of WO3, being
responsible for the observed green emission with a population Nd . It is
assumed that there are sufficient centres and mobility so no saturation effects











= pumpd+NhΓ0 exp(−∆Eh/kT )−Nd
[
Γd +Γ0d exp(−∆Ed /kT )
]
(9.2b)
with the rates Γh = 10
6 s−1 and Γd = 105 s−1 derived from the decay profiles
at low temperature [10]. Excitation into a certain energy level x, is written
as pumpx 6= 0. Fitting the solution of equation 9.2 for excitation in the band
gap (pumph 6= 0; pumpd = 0) to the thermal quenching data, results in an
escape frequency Γ0 = 1014 s−1 and∆Eh = 0.26eV (Fig. 9.6). This 0.26eV is the
thermal energy needed to release the self-trapped exciton and allow energy
migration. From Figure 9.6 it can be seen that upon increasing temperature,
the defect WO3 centres (dashed green line) get populated. The measured
emission at this excitation wavelength and temperature is a combination of
both the intrinsic WO2-4 emission (solid black line) and the defect emission
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(dashed green line). Indeed, this corresponds with the observed shift to
longer wavelengths of the emission band at increasing temperature.
Direct excitation of the defect centres (Fig. 9.6, pumph = 0; pumpd 6= 0) results
in a∆Ed = 0.05eV however with a much slower frequency factor Γ0d = 10
9 s−1.
The value of ∆Ed positions the emitting energy level of the defect centre with
respect to the conduction band with the assumption that photoionization is
responsible for thermal quenching.
Doping this material with Tb3+ results in additional energy transfer channels
(Fig. 9.7). At first, direct energy transfer from the self-trapped excitons to
the Tb3+ activator ions is possible. This single step energy transfer process
can be the result of multipole-multipole interaction or exchange interaction.
The electromagnetic multipole interaction was first described by Förster and
Dexter for dipole-dipole interaction and later extended to higher order terms
[36, 37]. For both types of interaction, the transfer rate between a sensitizer,
here the exciton, and the activator, here the Tb3+ ions, is given by expression
1.24, with Hˆ i nt the hamiltonian specifying the interaction between the ini-
tial and final state and the integral the spectral overlap between both. The
temperature dependence of the transfer process is limited to the temperature
dependence of this spectral overlap and is thus quasi negligible. On the
other hand, a large concentration dependence will arise due to the distance




be found for the transfer rate, with n depending on the dominant multipole
moment, whereas exchange interaction shows an exponential dependence
with R [38]. In both cases, the transfer rate should increase with increasing
Tb3+ concentration. The transfer rate from the host to the 5D4 and 5D3 level
is hereafter referred to Γ(Ch4) and Γ(Ch3) respectively.
Apart from this direct energy transfer contribution, a temperature dependent
energy transfer process will take place if the exciton has received enough
thermal energy to undergo energy migration to the Tb3+ ions. This process
will occur with a certain transfer rate Γh−T b and activation energy ∆Eh−T b .
Of course the transfer mechanisms as described for the undoped samples
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remain valid and should still be considered.
In addition to this host-sensitized energy transfer, energy transfer from the
defect centres to the Tb3+ ions should be taken into account (Fig. 9.8). From
Figure 9.3 it is clear that the efficiency of the energy transfer from defects
to Tb3+ is concentration dependent. The higher the Tb3+ concentration,
the larger the contribution is of the excitation via the defect centres in the
excitation spectrum. Based on the thermal quenching data (Fig. 9.8) no
temperature dependence in the transfer rate is expected as the emission
from the Tb3+ ions follows the quenching profile of the green defect emission
in the whole investigated temperature range. Therefore, energy transfer
occurs probably via a direct energy transfer process as described above. The
specific character of this process is again difficult to determine. The lack of
5D3 emission is owing to the too limited spectral overlap between both levels.
The rate equations of Eqs. 9.2 should now be extended with the 5D3 level,
with population N3 and the 5D4 level, with population N4 and the above
described transfer mechanisms between host and Tb3+ ions. Based on these
rate equations it becomes clear that a decreasing intensity of the host emis-
sion should not solely be linked to quenching and thus a loss in energy but












= pumpd+Nh ×Γ0 exp(−∆Eh/kT )
−Nd
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Γ0−T b exp(−∆EX 4/kT )+Γ4
]
(9.3c)









Γ0−T b exp(−∆EX 3/kT )+Γ3
]
(9.3d)
The solutions of equation 9.3 are fitted to the experimental data described
in section 9.2 simultaneously for the different excitation mechanisms and
Tb3+ concentrations. In this way, a complete picture of the system can be
obtained. As can be seen in Figure 9.7 for the situation upon excitation of the
WO2-4 centres (λexc = 270nm; pumph 6= 0), there is a nice correlation between
the experimental data and the fit, especially for the 1% Tb3+ case. There is
no doubt that the fits for the 2% Tb3+ and 5% Tb3+ samples can be improved
by separately adjusting the values of the different parameters, however this
would lead to over-parametrization of the fits which is unfavourable.
The obtained values for the different rates and energies are listed in Table 9.1
and the decay rates Γ4 and Γ3 are derived from the fits of the decay profiles
obtained in section 9.3.2. The emission intensity at 75K can thus be linked
to a direct energy transfer to the Tb3+ ions. Upon increasing temperature,
the remaining trapped excitons are released and can reach the non-excited
Tb ions. If temperature is high enough, these excitons are able to reach the
quenching defects and competition between transfer to Tb ions and transfer
to quenching centres starts. Due to the faster transfer rate of the latter, the
population of the Tb ions via host excitation becomes increasingly rare and
their emission quenches. The escape frequency is somewhat higher than for
the undoped material(5.1014 instead of 1014 Hz), but the thermal quenching
energy ∆Eh = 0.26eV remains the same. It may be surprising that at these
high Tb concentration the transfer to quenching centres still dominates over
the transfer to Tb3+ ions. Therefore, as an alternative, thermal quenching in
the WO4 centre itself could be proposed instead of transfer to other centres
in the material. As both are described by the same differential equation, this
different interpretation would not lead to other values of energy barriers or
transfer rates.
The lower temperature for the start of the quenching of the host emission -
125K for the doped samples as compared to 175K for the undoped samples -
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is thus indeed the result of the extra transfer channel towards the Tb3+ ions.
The thermal quenching of the 5D3 and 5D4 emission itself is also incorporated
in Eqs. 9.3 via the contribution of NJ ×Γ0−T b exp(−∆EX J /kT ). Comparing
the temperature dependence of the emission coming from the 5DJ level after
excitation in host-related energy levels (Fig 9.7) and after direct excitation (Fig.
9.11, left), it can readily be deduced that the quenching upon host excitation
sets in at a lower temperature than quenching upon direct excitation. From
the above analysis it is clear that the quenching of the 5DJ emission in the case
of host excitation is the consequence of a decreasing excitation efficiency of
the Tb3+ energy levels and not of a decreasing emission efficiency. As such,
only a lower limit for∆EX J can be deduced from the quenching profiles upon
host excitation and the actual value will be determined in section 9.3.2.
The transfer rates for direct energy transfer, Γ(ChJ), indeed increase gradually
with increasing Tb concentration. The discrepancy between Γ(Ch3) and
Γ(Ch4) can stem from the difference in spectral overlap, which is higher for
the 5D3 level compared to the 5D4 level.
9.3.2 Direct excitation of the energy levels of Tb3+
To consider the thermal quenching of the 5D4 and 5D3 emission after excita-
tion to the 5D3 level both thermal quenching and decay profiles are taken into
account (Fig. 9.11). As stated above, coupling between the two terbium levels
occurs via a cross-relaxation process. The higher the Tb3+ concentration, the
higher the number of ions involved in this cross-relaxation process (Fig. 9.9).
These coupled ions can after excitation to the 5D3 level give rise to emission
from the 5D4 level. By contrast, the uncoupled ions show emission only
from the 5D3 level. Therefore, a distinction is now made between coupled
ions with population NJc, exhibiting cross-relaxation and uncoupled ions, NJ.
The total 5D4 and 5D3 emission is the weighted sum of the uncoupled and
coupled situation, with a weight factor of respectively Niso and (1-Niso).
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The rate equations are now given by:
d N3c
d t
























In Figure 9.11, the situation upon excitation to the 5D3 level (λexc = 378nm,
pump3 6= 0) is shown for PbWO4: 1% Tb3+. The solid lines again correspond
to the fit of the solutions of Eqs. 9.4 and match very closely with the experi-
mental data. The obtained values for Γ0, Γ3, Γ4,∆E4X and∆E3X can be found
in Table 9.1.
The quenching energy of the 5D3 level, ∆EX 3 = 0.51eV, is confirmed both
by the thermal quenching profiles of the emission and by the temperature
dependence of the decay profiles. The exact nature of the quenching of 4f-4f
emission is not known and possible explanations are multiphonon relaxation
processes, back transfer to for instance the WO2-4 centres or via the IVCT. In
Figure 9.11, the decay profiles of both energy levels are shown at different
temperatures for the situation with 5% Tb doping. In this situation the
fraction of coupled ions is apparently 65 % and the cross-relaxation occurs
with an transfer rate of 5.106 s−1. The decay profiles of the 5D4 emission (Fig.
9.12) are reproduced by a thermal quenching energy of 0.66eV for all three
concentrations.
The obtained energy differences are displayed in a conceptual total energy
level diagram, displayed in Figure 9.13. Herein, three distinct configurational
coordinate diagrams are shown for respectively WO2−4 , WO3 and Tb
3+ centres.
In these diagrams, the ordinate represents the total energy of the complete
system, containing the electrons that are allocated to the defect as well as
all other electrons of the compound. For this reason, it has no meaning
to add concepts such as valence or conduction bands to the energy level
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diagram because they correspond with the energy levels of single particle
orbitals [29]. Thermal quenching and temperature dependent energy transfer
channels are represented through additional energy surfaces which are at
some point resonant with the initial and final many-body state. From this
diagram, it is clear that vibronic interactions cannot be neglected in a correct
description of luminescence centres. The curvature of the energy surfaces
in configurational coordinate space ensures that the fixed energy difference
between the 5D4 and 5D3 multiplets of 0.72 eV is not reflected in their thermal
quenching energy difference of 0.15 eV. Notwithstanding the values of Γ0 are
related to the curvature, which is in reality a highly dimensional tensor, the
exact relation between both is unknown and the absolute numbers of the






































Figure 9.14: Sketch of PbWO4:Tb3+ with its various energy transfer pro-
cesses between the different luminescent and quenching centres. A: Ex-
citation in WO2-4 with direct energy transfer to Tb
3+ ions and temperature
induced transfer to WO3 centres, non radiative quenching centres and Tb3+
ions. B: Excitation in the 5D4 level of Tb3+. C: Energy transfer from WO3 to
the 5D4 level. D: Coupled Tb3+ ions showing cross-relaxation. E: Isolated
Tb3+ ions.
9.4 Conclusion
By measuring steady state intensity and luminescence decay profiles as
a function of temperature and concentration, a complete overview of the
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involved processes in the luminescence of PbWO4:Tb3+ was obtained and
depicted in Figure 9.14. Luminescence measurements of undoped PbWO4
revealed a contribution of blue host-related emission from WO2-4 centres and
green defect emission from WO3 centres. Quenching of WO2-4 centres occurs
via a temperature dependent energy transfer to the WO3 defect centres and
non-radiative quenching centres with a thermal energy barrier of 0.26eV.
Quenching of the green defect emission needs only a thermal energy of
0.05eV, however with a less steep decline. Upon doping with Tb3+, new
transfer paths are introduced, based on the prominent 5DJ emission upon
host excitation. At low temperature (75K), direct energy transfer from WO2-4
to neighbouring Tb3+ ions takes place, while transfer to less proximate Tb3+
ions is characterized by a thermal barrier of 0.1eV. By contrast, the WO3
centres show only a direct, temperature independent energy transfer to the
5D4 level of Tb3+.
From steady state as well as time-resolved measurements, it is clear that
temperature independent cross-relaxation between the different Tb3+ ions
induces 5D4 emission upon excitation in the 5D3 level. The fraction of ions
taking part in this process could be calculated from the decay profiles as a
function of Tb3+ concentration, showing a strong increase for higher dopant
concentrations. Quenching of the 5D3 level sets in around 350K, correspond-
ing with a thermal energy of 0.51eV, compared to 400K and 0.66eV for the
5D4 level.
The detailed analysis of the temperature dependent luminescence behavior
of this particular material has shown that a multitude of phenomena are at
work. A correct description and reliable extraction of energy differences from
experimental data requires the identification of all relevant phenomena and
is in general not straightforward, especially if multiple concentrations are
considered. The use of rate equations in describing these phenomena has
proven to be very useful. However, it should be noted that different processes
could give rise to the same differential equations and thus no distinction
between these different processes can be made with this method. In order to
minimize this ambiguity, it is essential that the complete set of experimental








Γh−T b 5.1010 s−1









1% Tb3+ 2% Tb3+ 5% Tb3+
Γ(Ch4) 15.10
6 s−1 30.106 s−1 45.106 s−1
Γ(Ch3) 20.10
6 s−1 40.106 s−1 60.106 s−1
Niso 0.95 0.85 0.35
Table 9.1: Parameters obtained from the fit.
data, i.e. thermal quenching as well as decay dynamics, and not only one
aspect, are reproduced by the theoretical model, as was demonstrated here.
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In this dissertation, the luminescent properties of scheelite-type materials
and the relation with their structure is investigated. A large variety of struc-
tures can be obtained by partial substitution and consequent ordering of
the cations in these scheelites. As the arising modulation directly affects the
location of the luminescent centres, the investigation of the luminescent
properties can provide complementary information to the structural data.
The first investigated system was CaGd2(1-x)Eu2x(MoO4)4(1-y)(WO4)4y (0 ≤
x ≤ 1, 0 ≤ y ≤ 1) described in Chapter 4. For these compounds, the incom-
mensurate modulation can be monitored as a function of the replacement
of the Gd3+ by the Eu3+ ion. This isovalent cation replacement leaves the
number of vacancies in the material unchanged. The electron diffraction pat-
terns indicate that the series CaGd2(1-x)Eu2x(WO4)4 as well as their Mo-based
analogues are all incommensurately modulated due to the ordering of the A
cations and vacancies. However, the replacement of Gd3+ by Eu3+ does not
affect the nature of the modulation nor the dimensionality of the modulation.
By contrast, the replacement of Mo6+ by W6+ led to a switch in the modula-
tion from (3+2)D to (3+1)D, but this change in structure has no influence on
the luminescent properties. The normalised emission and excitation spectra
remain unaltered throughout the whole series. The observed changes in the
fraction 5D1 to 5D0 emission and the absolute intensities of the 5D0 emission
could all be linked to the changing Eu3+ concentration in the material.
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By contrast, for the second series R2-xEux(MoO4)3 (R = Gd, Sm) (Chapter
5), the structural changes upon changing x are reflected in the luminescent
properties. The switch from the α- to the β’-modification leads to a change
in the lanthanide polyhedron from RO8 to RO7, clearly observed in a different
multiplet splitting in the emission spectrum. Apparently, the crystal field gen-
erated by the close environment of the Eu ion is experienced differently by
the Eu3+ ion in both surroundings. The low site symmetry of both materials
makes it however difficult to qualitatively analyse the relationship between
the multiplet splitting and the crystal field.
Next to the multiplet splitting of the Eu3+ levels, this series of materials il-
lustrates the possible effect of the number of energy levels on the internal
quantum efficiency of a material. For both R = Gd and R = Sm, the decay
profiles of the Eu3+ emission are measured as a function of Eu3+ concentra-
tion and a completely different trend was observed for both. For R = Gd, the
decay constant of the 5D0 emission decreases gradually upon increasing Eu3+
and thus decreasing Gd3+ concentration, while for R = Sm, a slower decay
is observed upon increasing Eu3+ concentration. The large energy gap for
Gd3+ prevents (back)-transfer to this ion due to the limited spectral overlap
with other energy levels. Increasing the Eu3+ concentration in this matrix
encourages the energy transfer between Eu3+ centres and quenching cen-
tres, resulting in a fastening of the decay of the Eu3+ emission. By contrast,
the Sm3+ provide many possibilities for transfer processes, as such that in-
creasing the Eu3+ concentration limits the transfer possibilities to quenching
centres.
Two different polymorphs α and β occur in the third series KEu(MoO4)2
(Chapter 6). The α-modification is characterized by a 2D Eu3+ network
whereas the β-modification consists of a 3D network of Eu3+ ions. Due
to the stronger connectivity of the Eu3+ ions in the latter, the fraction of en-
ergy transfer to quenching centres is larger in this compound, resulting in a
reduced internal quantum efficiency as compared to the α-modification. In
addition, these compounds prove that, although the effect of the surrounding
ions is only of marginal importance for the energy level structure, emission
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spectra can reveal changes which cannot be resolved by structural analytical
techniques. The energy level positions of the Eu3+ ions do change, although
no influence of the annealing temperature on the structure was found. The
transition from the α- to the β-phase resulted in a a shift of 2meV for the 5D0
→ 7F0 transition and the annealing temperature induces changes in the 7F2
multiplet splitting. In addition, an annealing temperature of 973K results
in the highest value of the internal quantum efficiency shown by the time
resolved measurements. Long range effects do not induce changes in the
steady-state spectra, but affect the quantum efficiency through the extent of
the energy transfer mechanisms and the proximity of the Eu3+ ions. These
results prove that structural and optical spectroscopy techniques can be
complementary to each other.
In order to exclude variations that are induced only by a changing Eu3+ con-
centration, as in the case of R2-xEux(MoO4)3 and CaGd2(1-x)Eu2x(BO4)4 (B
= Mo, W), the series Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (x = 0.1, 0.2, 0.3, 0.4
and 0.57) was synthesized (Chapter 7). Due to the heterovalent substitution
of Ca2+ by Gd3+, a changing amount of vacancies is introduced in the ma-
terial. For increasing x, the space group changes from the tetragonal I41a
symmetry to the monoclinic C2/c symmetry. The intermediate values of x (x
= 0.3 and x = 0.4) showed an incommensurately modulated structure due to
to Ca/Gd/Eu/ ordering. The change in structural symmetry affected the
Eu3+ ion as well, as a different multiplet splitting was observed throughout
the series. This points to ’local’ changes in the coordination polyhedron of
the luminescent centre. Comparison between the AO8 polyhedron for x =
0.1 and x = 0.2 revealed small changes in the A-O bond lengths and angles.
This resulted in small, yet clearly noticeable changes in the energy levels
positions. For x = 0.57 the distortion from a regular dodecahedron is such
that the multiplet splitting changes as compared to the situation for x = 0.1.
Based on the analysis of the above compounds, it is clear that a relation
between the (in)commensurate modulation and the luminescent properties
of material is - in many cases - not easy to determine. The first challenge
is related to the modulation or order itself, which is not straightforward to
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control. It was reported that a size difference of 0.35Å between the cations is
necessary to induce ordering between both in the structure. If vacancies are
introduced as well, by heterovalent substitution, this constraint is partially
relaxed. This size constraint probably explains why replacement of Gd3+
by Eu3+ in CaGd2(1-x)Eu2x(MoO4)4(1-y)(WO4)4y does not lead to a change in
the modulation. Moreover, the shape of the Eu3+ emission spectrum is in
particular mainly affected by its nearest neighbours and thus by a displacive
modulation rather than an occupational modulation of ions or vacancies
at a larger distance. In addition, upon measuring an emission spectrum, a
large amount of Eu ions is excited and the resulting spectrum is an average
spectrum of all these ions. So although it is possible to probe local structures
by luminescent properties, it is not always possible to address single Eu3+
ions.
The displacive modulation affects in particular the shape of the emission
spectrum, whereas the occupational modulation will mainly influence the
efficiency of the material as this occupational modulation can have reper-
cussions on the energy transfer mechanisms. The efficiency of the material
strongly influences the application potential. Phosphors can have many ap-
plications, for example as wavelength conversion phosphor in light emitting
diodes. For this particular application, the investigated scheelites have a
too low efficiency to compete with the currently used phosphors for LEDs.
Moreover, the strong temperature dependence of for instance the series
CaGd2(1-x)Eu2x(BO4)4 (B = W, Mo), results in a reduced emission intensity
at room temperature as compared to the intensity at 75K, unfavourable for
conversion phosphors. This disadvantage was however turned into an ad-
vantage, and the application of this material as thermographic phosphor
was investigated (Chapter 8). The temperature dependence of the ratio of
the 5D1 to 5D0 emission is such that it can be used as a measure for tem-
perature. This behaviour is only observed for compounds with rather high
Eu3+ concentration as the transfer between both energy levels is driven by a
cross-relaxation process. Due to the non-resonance of this process, phonons
are needed for the process to occur, resulting in the temperature dependence.
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The effectiveness was explicitly tested by comparing the temperature profile
of a resistive heater measured with the thermographic phosphor and with
an IR-camera. The similarity between both proved that the thermographic
phosphor is capable of reproducing temperature gradients in a very accurate
way.
In Chapter 9 the dynamics of the excited state levels of the scheelite PbWO4:
Tb3+ were investigated. Steady state and decay profiles as a function of tem-
perature and concentration were measured in order to obtain a complete
overview of the involved processes. Introducing these processes and lumi-
nescent centres into a set of coupled differential equations allowed us to
gain information on the significance of our model and to extract numerical
values of the rate constants and thermal energy barriers. In the host emission
we could distinghuish blue emission from WO2-4 centres and green defect
emission from WO3 centres. Quenching of these two contributions sets in
at respectively 175K and 75K corresponding to thermal energy barriers of
0.26eV and 0.05eV. By doping the host matrix with Tb3+ ions, additional
energy transfer channels are introduced in the material. At low temperature,
energy transfer from the WO2-4 centres to the Tb
3+ ions is already observed,
but upon increasing temperature further lying Tb3+ ions are reached as well.
The resulting thermal quenching profiles of the Tb3+ emission upon host exci-
tation show an increase in intensity up to 175K after which the decrease sets
in. Transfer between the Tb3+ ions themselves is driven by a cross-relaxation
process. The fraction of ions taking part in this process could be extracted
from the decay profiles as a function of Tb concentration. A thermal en-
ergy barrier of 0.51eV needs to be overcome before the quenching of the
5D3 emission sets in at 350K. The quenching of the 5D4 level starts at 400K
corresponding to a thermal activation energy of 0.66eV.
Perspectives
Phosphors can have many applications, for example as LED phosphors or
for other lighting purposes. The limited excitability of the rare earth ions via
their 4fn-4fn transitions results in a poor external quantum efficiency. This
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problem can be overcome by excitation with 254nm UV light (in fluorescent
tubes), via the charge transfer transitions (typically below 400nm), with high
energy electrons (as in CRTs and field emission displays) or by ionizing radia-
tion (as in scintillator materials). More specifically, the problem of the low
external quantum efficiency can be relieved by appropriate co-doping and
subsequent energy transfer.
For displays, strongly saturated red-green-blue emission is needed. The fact
that the emission spectrum of the investigated Eu3+ based materials is dom-
inated by the 5D0-7F2 transition situated at 615nm and not by the 5D0-7F1
transition at 590nm, is thus favourable for display applications. For example,
the color point of the emission spectrum is (0.63, 0.35) for CaGdEu(MoO4)4
and (0.67, 0.33) for the REu(MoO4)3 series. The rather low external quantum
efficiency remains however a problem for these type of applications as well.
Despite this lower efficiency, investigation of the luminescent properties
should not be halted, as only by curiosity one can strike against new and un-
expected application opportunities such as thermography. In this research,
photoluminescence spectroscopy can provide additional information to the
structural characterization by for example electron microscopy and diffrac-
tion techniques.
In addition, the incorporation of trivalent rare-earths into materials as a
probe for the local structure is of general utility and can be applied to other
classes of materials as well.
Samenvatting: conclusies en
perspectieven
Dit proefschrift omvat het onderzoek naar de luminescente eigenschappen
van scheelieten en de relatie met hun structuur. Door een gedeeltelijke
vervanging en de daaruit volgende ordening van de kationen kan een grote
variatie aan materialen bekomen worden. De ontstane ordening beïnvloedt
de positie van de luminescente centra en onderzoek naar de luminescente
eigenschappen kan als dusdanig bijkomende informatie verschaffen bij de
structurele gegevens.
CaGd2(1-x)Eu2x(MoO4)4(1-y)(WO4)4y (0 ≤ x ≤ 1, 0 ≤ y ≤ 1) is de eerste reeks
onderzochte materialen en werd behandeld in Hoofdstuk 4. Voor deze mater-
ialen kan de incommensurabele modulatie gecontroleerd worden als functie
van de vervanging van Gd3+ door Eu3+, aangezien bij isovalente kation wijzig-
ing het aantal vacatures gelijk blijft. Uit de elektronendiffractiepatronen blijkt
dat de ordening van de kationen en de vacatures aanleiding geeft tot een
incommensurabele modulatie voor zowel de CaGd2(1-x)Eu2x(WO4)4 reeks, als
voor hun Mo-gebaseerde equivalenten. Daarenboven blijkt dat de substitutie
van Gd3+ door Eu3+ geen invloed heeft op de aard van de modulatie. De
verandering van de Mo- naar de W-gebaseerde material daarentegen leidt
wel tot de overgang van een (3+1)D naar een (3+2)D modulatie, maar daarbij
wijzigen de luminescente eigenschappen niet. De genormaliseerde emissie-
en excitatiespectra blijven namelijk onveranderd voor beide reeksen. In de
fractie 5D1 emissie ten opzichte van 5D0 emissie en in de absolute intensiteit
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van de 5D0 emissie, worden wel wijziging waargenomen, te wijten aan de
veranderende Eu3+ concentratie.
Voor het tweede type materiaal R2-xEux(MoO4)3 (R = Gd, Sm) (Hoofdstuk
5) komen de structurele veranderingen daarentegen wel tot uiting in de lu-
minescente eigenschappen. De overgang van de α- naar de β’-structuur
brengt een verandering van het lanthanide polyhedron van RO8 naar RO7
met zich mee. Het kristalveld, gegenereerd door deze dichtste naburen van
het Eu3+ ion, wordt daardoor als verschillend ervaren door dit ion, hetgeen
resulteert in een verschillende opsplitsing van de multipletten. De lage sym-
metrie bemoeilijkt echter een kwalitatieve analyse van het verband tussen de
opsplitsing en het kristalveld.
Naast de multiplet-opsplitsing van de Eu3+ energieniveaus, illustreert deze
reeks materialen ook het mogelijke effect van het aantal energieniveaus op
de interne kwantumefficiëntie van de emissie. Voor zowel R = Gd als R = Sm
werden de vervalprofielen van de Eu3+ emissie in functie van de concentratie
gemeten en voor beide werd een verschillende trend gevonden. Voor R =
Gd neemt de vervalconstante af bij toenemende Eu3+ concentratie, terwijl
voor R = Sm de vervalconstante toeneemt voor toenemde Eu3+ concentratie.
De beperkte spectrale overlap met andere energieniveaus, als gevolg van de
grote energie-afstand voor Gd, voorkomt (terug)transfer naar dit ion. Toen-
emende Eu3+ concentratie zal de transfer tussen deze ionen en doofcentra
in de hand werken hetgeen uiteindelijk resulteert in een versnelling van het
verval van de Eu3+ emissie. Sm3+ daarentegen verschaft door zijn grote aantal
energieniveaus vele mogelijkheden voor energietransfer zodanig dat een
toename in de Eu3+ concentratie - en dus een afname in de Sm3+ concen-
tratie - de transfermogelijkheden naar doofcentra net limiteert. Dit wordt
experimenteel waargenomen als een vertraging van het verval van de Eu3+
emissie.
Twee verschillende modificaties α en β doen zich voor in de derde reeks
KEu(MoO4)2, beschreven in Hoofdstuk 6. De α-modificatie wordt geken-
merkt door een 2D-netwerk van Eu3+ ionen, de β-modificatie door een 3D-
netwerk van Eu3+ ionen. De sterkere interconnectiviteit tussen de Eu ionen
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in het 3D-geval versterkt de energietransfer naar doofcentra, hetgeen resul-
teert in een gereduceerde interne kwantumefficiëntie in vergelijking met de
α-modificatie. Deze materialen tonen daarenboven ook aan dat, hoewel het
effect van de lokale omringing op de energieniveaustructuur eerder beperkt
is, emissiespectra toch veranderingen in deze omringing kunnen blootleggen
die door structuuranalytische technieken niet onderscheiden kunnen wor-
den. Daar waar de behandelingstemperatuur geen effect lijkt te hebben
op de kristalstructuur, wordt er toch een verandering in de energieniveau-
structuur van het Eu3+ ion waargenomen. De 5D0 → 7F0 transitie ondergaat
een verschuiving van 2meV bij de transitie van de α- naar de β-fase en de
opsplitsing van het 7F2 multiplet wordt beïnvloed door de behandelingstem-
peratuur van de synthese. Daarenboven werd op basis van tijdgeresolveerde
metingen aangetoond dat een temperatuur van 973K resulteert in de hoogste
interne kwantumefficiëntie. Uit deze resultaten blijkt duidelijk dat optische
spectroscopie complementair kan zijn aan de meer gangbare structurele
technieken.
Om variaties in de luminescentie als gevolg van een veranderende Eu3+
concentratie te voorkomen werd de reeks Ca0.85-1.5xGdxEu0.10.05+0.5xWO4
gesynthetiseerd (Hoofdstuk 7). De heterovalente substitutie van Ca2+ door
Gd3+ wijzigt het aantal vacactures in het materiaal. Voor toenemende waar-
den van x verandert de ruimtegroep van de tetragonale I41/a symmetrie naar
de monokliene C2/c symmetrie. De intermediaire x-waarden vertonen een
incommensurable modulatie door de Ca/Gd/Eu/ ordening. Deze struc-
turele veranderingen beïnvloeden ook het Eu3+ ion, hetgeen zich uit in een
veranderende multipletsplitsing. Dit wijst op lokale veranderingen in de
directe omgeving van het luminescente centrum. Door de AO8 polyhedra
met elkaar te vergelijken, werd aangetoond dat voor x = 0.1 en x = 0.2 wijzigin-
gen in de A-O bindingsafstand en in de hoeken optreden, resulterend in een
ander kristalveld en dus in kleine maar toch waarneembare veranderingen
in de positie van de energieniveaus. Voor x = 0.5667 is de vervorming van het
AO8 polyhedron zodanig dat de multipletsplitsing verandert en een extra lijn
gevonden worden voor de 5D0 → 7F2 transitie.
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De analyse van bovenstaande materialen maakt duidelijk dat een relatie
tussen de (in)commensurable modulatie en de luminescente eigenschappen
voor vele materialen niet eenduidig op te stellen is. De eerste uitdaging
is reeds vervat in de controle van de modulatie of ordening zelf. Recent
onderzoek op basis van literatuurdata heeft uitgewezen dat het verschil in
straal minimaal 0.35Å moet zijn opdat er ordening tussen beide zou ontstaan.
Worden er ook vacatures geïntroduceerd, dan reduceert deze waarde. Dit
geeft meteen ook een mogelijke verklaring voor het uitblijven van de ordening
van de Gd3+ en Eu3+ ionen in CaGd2(1-x)Eu2x(MoO4)4(1-y)(WO4)4y aangezien
het verschil in ionaire straal tussen Gd3+ and Eu3+ slechts 0.013Å bedraagt.
Daarbij komt dat de vorm van het spectrum van Eu3+ in de eerste plaats
beïnvloed wordt door de dichtste naburen van het Eu3+ ion en slechts in
mindere mate door een bezettingsmodulatie of bijvoorbeeld het voorkomen
van vacatures op relatief grote afstand. En niettegenstaande het Eu3+ ion
gebruikt wordt als probe voor lokale structuurveranderingen, is het meestal
toch niet mogelijk om de eigenschappen van één enkel Eu3+ ion te bestuderen
aangezien bij de experimentele bepaling van emissie- en excitatiespectra een
groot aantal Eu3+ ionen geëxciteerd wordt.
Daar waar de positie van het Eu3+ atoom ten opzichte van zijn dichtste nabu-
ren vooral een invloed heeft op de vorm van het emissiespectrum, zal de
bezettingsmodulatie vooral een invloed hebben op de efficiëntie van het
materiaal aangezien dit type modulatie zijn weerslag heeft op de energie-
transfermechanismes. De efficiëntie speelt een belangrijke rol in de moge-
lijke toepasbaarheid van het materiaal en de hier onderzochte scheelieten
hebben allen een te lage efficiëntie om bijvoorbeeld te worden gebruikt als
conversiefosfor in LEDs. Ook de sterke temperatuursafhankelijkheid belem-
mert het gebruik van dit type materialen als LED-fosfor. Elk nadeel heeft
gelukkig zijn voordeel en de op het eerste zicht nadelige temperatuursaf-
hankelijkheid bleek uitermate geschikt voor het gebruik van dit materiaal
als thermografische fosfor (Hoofdstuk 8). De verhouding van de emissie
afkomstig van het 5D1 niveau ten opzichte van de emissie afkomstig van
het 5D0 niveau is namelijk van die aard dat het kan gebruikt worden als
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een maat voor de temperatuur. Deze specifieke afhankelijkheid werd enkel
waargenomen voor de materialen met een voldoende hoge Eu3+ concentratie
aangezien de transfer tussen beide energieniveaus gemedieerd wordt door
een concentratie-afhankelijke kruisrelaxatie. Aangezien deze laatste geen
resonant proces is voor Eu3+ ionen, zijn er fononen nodig om ze te laten
doorgaan en deze fononen zorgen dan weer voor de temperatuursafhan-
kelijkheid. De werkzaamheid van het materiaal als thermografische fosfor
werd expliciet getest door het temperatuursprofiel van een verwarmingsweer-
stand, opgemeten met de thermografische fosfor en met een IR-camera, met
elkaar te vergelijken. De sterke overeenkomst tussen beide toont aan dat de
materialen in staat zijn om temperatuursgradiënten op een accurate manier
weer te geven.
In Hoofdstuk 9 werd de dynamica van de geëxciteerde toestanden van Tb3+-
gedopeerd PbWO4 beschreven. Op basis van emissiespectra en vervalpro-
fielen in functie van de Tb3+ concentratie en de temperatuur, werd een
overzicht van alle werkzame processen verkregen. Deze werden dan, samen
met de luminescente centra, geïntroduceerd in een set van gekoppelde dif-
ferentiaalvergelijkingen en de oplossingen van deze vergelijkingen werden
gefit aan de experimentele data. De overeenkomst tussen beide is een in-
dicatie voor de significantie van het theoretisch model en levert numerieke
waarden op voor zowel de verschillende frequentiefactoren als de thermische
activeringsenergieën. Het emissiespectrum van de matrix wordt gekenmerkt
door zowel een blauwe breedbandige component afkomstig van WO2-4 centra
als een groene breedbandige component afkomstig van WO3 defectcentra.
De intensiteit van beide neemt af vanaf een temperatuur van respectievelijk
175K en 75K hetgeen overeen komt met een thermische activeringsenergie
van respectievelijk 0.26eV en 0.05eV. Wordt dit materiaal gedopeerd met
Tb3+, dan worden extra energietransfermogelijkheden gecreëerd. Bij lage
temperatuur is er reeds transfer van de WO2-4 centra naar de nabijgelegen
Tb3+ ionen. Neemt de temperatuur toe, dan worden ook verderafgelegen
Tb3+ ionen bereikt. Dit uit zich in een toename in de intensiteit van de Tb3+
emissie na excitatie over de verboden zone tot 175K. Verder opwarmen leidt
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tot een afname van de intensiteit.
De Tb3+ ionen zelf staan onderling met elkaar in verbinding door kruisrelax-
atie. De fractie ionen die deelnemen aan dit proces kan worden afgeleid uit
de concentratieafhankelijkheid van de vervalprofielen. Afname van de 5D3
emissie begint bij een temperatuur van 350K, overeenkomstig met 0.51eV.
Afname van de 5D4 emissie treedt op vanaf 400K wat overeenkomt met een
thermische activeringsenergie van 0.66eV.
Perspectieven
Fosforen kunnen veel verschillende toepassingen hebben, bijvoorbeeld als
LED fosfor of voor andere verlichtingstoepassingen. De beperkte exciteer-
baarheid van de zeldzame aarden met 4fn-4fn transities resulteert echter in
een (te) beperkte kwantumefficiëntie. Dit probleem kan gedeeltelijk over-
wonnen worden door excitatie met 254nm UV-licht (in fluorescentielampen),
via de ladingstransfertransities (typisch onder de 400nm), met hoog ener-
getische elektronen (zoals in CRT’s of FED’s) of met ionizerende straling
(zoals in scintillatoren). Meer specifiek kan de beperkte exciteerbaarheid
gecompenseerd worden door de toevoeging van een geschikte codopant en
de daaropvolgende energietransfer.
Beeldschermtoepassingen vereisen dan weer typisch gesatureerde blauwe-
groene-rode emissie. De dominantie van de 5D0-7F2 transitie bij 615nm in
het emissiespectrum van de onderzochte scheelieten is dus een voordeel
voor deze toepassingen. De eerder lage kwantumefficiëntie blijft echter ook
hiervoor een probleem.
Dit betekent echter niet dat het onderzoek naar dit materiaal meteen stopgezet
moet worden, aangezien mogelijke toepassingen soms uit onverwachte hoek
kunnen komen zoals hier het geval was. Daarbij komt dat deze materialen
reeds hun dienst hebben bewezen en in de toekomst nog kunnen bewijzen
als scintillatoren en lasermaterialen. Optische spectroscopie kan hierbij nut-
tig zijn om informatie te verschaffen aanvullend op de structuuranalytische
technieken zoals elektronenmicroscopie en diffractietechnieken.
Het gebruik van trivalent Eu als probe voor structurele wijziging is van alge-
meen nut en kan ook worden toegepast op andere klassen van materialen.
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